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PREFACE 


This  final  report  ia  submitted  by  the  General  Electric  Company,  Aircraft 
Engine  Group  located  at  Evendale,  Ohio.  The  work  was  conducted  under  Contract 
Mo.  F33615-7/'-C-2043.  Program  sponsorship  and  guidance  was  provided  by  the 
Air  Force  Aero  Propulsion  Laboratory  (AFAPL),  Air  Force  Wright. Aeronautical 
Laboratories,  Air  Force  Systems  Command,  Wrlght-Patterson  Air  Force  Base,  Ohio 
under  Project  3048,  Task  05,  and  Work  Unit  84.  Thomas  A.  Jackson  was  the 
government  project  engineer. 

Supplemental  funding  and  technical  guidance  were  provided  in  the  area  of 
gaseous  emissions  and  smoke,  measurement  and  analysis  by  the  Environmental  Sciences 
Branch  of  the  Envlronica  Division  in  the  Research  and  Development  Directorate  of 
HQ  Air  Force  Engineering  and  Services  Center  located  at  Tyndall  Air  Force  Base, 
Florida.  This  organization  has  been  formerly  referred  to  as  CEEDO  or  the  Civil 
Engineering  Center. 

Test  fuel  analysis  was  provided  by  AFAPL,  the  Monsanto  Research  Laboratory 
(under  contract  to  AFAPL) ,  and  the  Air  Force  Logistics  Command  Aerospace  Fuels 
Laboratory  (SFQLA) .  The  cooperation  of  these  organizations  is  appreciated. 

An  addendum  to  the  text  of  this  report  is  presented  after  the  List  of  Tables 
on  pages'xv  to  xvil  .  It  contains  Information  pertinent  to  the  thermal  stability 
evaluations  discussed  In  section  I1I.C.2.  It  has  been  prepared  by  T.  A.  Jackson 
from  Monsanto  Research  Company  data. 
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ADDENDUM  -  FUEL  THEEIMAL  STABILITY 


1(1  an  effort  to  resolve  the  differences  of  opinion  as  to  the 
breakpoint  of  JP8  (Reference,  section  XXI.C,2.)t  the  fuel  sampling 
procedures  of  General  Electric  .and  .AFAPL  v,o,re  reviewed.  The  only- 
apparent  difference  in  the  techniques  is  the  nature  Of  the  container 
used  to  obtain  the  fuel  sample.  General  Electric  uses  an  unlinad  fuel 
can,  properly  rinsed  with  a  small  quantity  of  the  fuel  to  be  sampled. 

The  AFAPL  uses  epoxy-lined  fuel  cans,  also  properly  rinsed. 

ITiree  teat  fuels  (two  blends  and  the  baseline  JP8)  were  identified 
as  exhibiting  peculiar  behavior  in  the  Jet  Fuel  Thermal  Oxidation  Tester 
(JFTOT)  when  samples  of  these  fuels  from  each  of  the  two  types  of  containers 
were  evaluated.  Typically,  the  fuel  samples  contained  in  the  GE  vessels 
exhibited  unusually  high  pressure  drop  and  failed  the  test  at  relatively 
low  fuel  tempercturos  due  to  the  pressure  drop  criteria.  On  the  other  hand, 
fuels  from  the  epoxy-ilned  containers  passed  at  higher  temperatures  and 
pressure  drop  was  not  their  failure  mode.  Results  of  the  JFTOT  runs  on 
these  six  fuels  are  presented  in  Table  A. 

Residue  fuel  from  each  of  the  six  fuel  containers  (three  unlined, 
three  lined)  was  evaluated  by  Monsanto  Research  Company  for  any  differences 
that  may  exist  between  the  same  fuels  from  different  containers.  The  fuels 
were  analyzed  as  follows  (extracted  from  the  Monsanto  test  report); 

Emiss^n  spec trographic  analyses  of  the  fuels  were 
conducted  to  determine  any  difference  in  metals  content. 

For  semi-quantitative  results,  the  fuels  were  extracted 
with  dilute  Ultrar  metals-free  hydrochloric  acid 
(Hopkin  and  WilllamB  Co.,  Essex,  England).  This 
approach  allows  metals  to  be  concentrated  in  the  acid 
layer,  a  portion  of  which  Is  then  evaporated  in  the 
cup  of  a  spec trographic  electrode.  Most  metals  are 
efficiently  extracted  in  this  manner.  However,  a  few, 
such  aa  silicon  and  aluminum,  are  not.  Any  significant 
amount  of  these  metals  tend  to  form  a  scum  at  the  fuel/ 
acid  Interface.  In  conducting  the  analyses,  therefore, 
a  specimen  taken  from  the  iuel/acid  boundary  was  also 
analyzed. 

The  results  of  this  analysis  are  presented  In  Table  B. 

From  Table  B  it  can  be  seen  that  fuel  samples  from  the  unllned  vessels 
contained  higher  trace  quantities  of  several  elements,  most  notably  lead, 
tin,  and  zinc.  These  elemencs  would  be  expected  In  unllned  vessels  with 
soldered  joints,  similar  to  the  GE  containers.  Since  these  trace  contaminants 
are  in  very  small  quantities  this  evaluation  is  not  conclusive  In  explaining 
the  differences  in  JFTOT  readings  between  AFAPL  and  GE  samples  of  the  same 
fuels.  The  Influence  of  the  containment  vessel  on  a  fuel's  thermal  stability 
is,  however,  offered  as  a  possible  explanation  based  on  this  information. 
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SECTION  1 


SUMMARY 


The  purpose  of  this  program  was  to  determine  by  combustor  rig  test  and 
data  analyses,  the  effects  of  fuel  property  variations  on  the  performance, 
exhaust  em'lsslon  and  durability  characteristics  of  the  General  Electric  FlOl 
augmented  turbofan  engine  combustion/turblne  system.  Thirteen  refined  and 
blended  fuels  which  Incorporated  systematic  variations  In  hydrogen  content 
(12.0  to  14.5  weight  percent),  aromatic  type  (monocyclic  or  blcyclic). 

Initial  boiling  point  (285  to  393  K  by  gas  chromatograph),  final  boiling 
point  (532  to  679  K  also  by  gas  chromatograph),  and  viscosity  (0.83  to 
3.25  mm^/s  at  300  K)  were  evaluated  In  (a)  13  high  pressure/temparature  full 
annular  combustor  performance/emmlsBlons/durabllity  tests;  (b)  13  atmospheric 
presaure/hlgh  temperature  full-annular  combustor  pattern  factor  performance 
testa;  (c)  13  high  pressure/temperature  single  fuel  nozsle/swirl  cup  carbon 
deposition  teats;  (d)  14  low  pressure/temperature  54-degree  sector  combustor 
cold  day  ground  start/altltude  relight  teats;  (e)  15  high  temperature  short 
duration  fuel  nozsle  fouling  tests;  and,  (f)  8  high  temperature  longer 
cyclic  fuel  nozzle  valve  gumming  tests. 

At  high  engine  power  operating  conditions  (takeoff,  high  altitude 
cruise,  and  low  altitude  penetration),  fuel  hydrogen  content  was  found  to 
be  a  very  significant  fuel  property  with  respect  to  liner  temperature,  smoke, 
and  oxides  of  nitrogen  (NO  )  levels.  Each  of  these  parameters  decreased 
with  Increasing  fuel  hydrogen  content,  but  no  discernible  effect  of  any  of 
the  other  fuel  properties  was  found.  Carbon  monoxide  (CO)  and  unburned 
hydrocarbon  (HC)  emission  levels  were  so  low  at  these  operating  conditions 
that  no  trend  with  fuel  properties  could  be  detected.  While  smoke  levels 
were  found  to  decrease  with  Increasing  fuel  hydrogen  content,  the  levels 
were  still  very  low  with  all  fuels. 

At  engine  idle  operating  conditions,  the  same  strong  effect  of  fuel 
hydrogen  content  on  smoke  level  was  evident.  However,  CO  and  HC  emission 
levels  were  found  to  correlate  with  fuel  atomlzatlon/volatlllty  parameters 
with  no  hydrogen  content  dependency. 

Cold  day  ground  start  and  altitude  relight  capabilities  were  also 
found  to  correlate  with  the  fuel  atomization/volatility  parameters  and 
exhibit  no  hydrogen  content  dependency.  Capabilities  with  JP-8  fuel  blends 
were  generally  reduced  relative  to  those  with  .IP-4  fuel  blends. 

Pattern  factor  (in  atmospheric  pressure  tests)  was  found  to  be  fuel 
dependent  and  to  correlate  with  uhe  fuel  atomization  parameter.  This 
finding  was  a  surprise  and  had  not  been  observed  in  any  other  combustion 
systems.  Verification  data  are  therefore  needed,  but  there  Is  considerable 
evidence  to  indicate  that  (1)  this  is  not  a  general  el  feet  and  (2)  at  true 
engine  operating  pressure  levels  in  the  FlOl  engine,  pattern  factors  are 
not  fuel-type  dependent.  TF39,  CF6,  J79,  T700,  and  TF34  combustor  rig 
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pattern  Factor  tests  have  been  run  in  which  no  fuel  effects  were  detected. 
Further,  all  of  these  engines.  Including  the  FlOl,  have  been  run  with  JP-4 
and  JP-S  (or  Jet  A)  fuels  and  no  fuel  effects  on  turbine  condition  have 
been  detected. 

Combustor  liner  life  analyses  based  on  these  test  data  were  conducted. 
These  analyses  resulted  In  relative  life  predictions  of  1.00,  0.72,  0.52, 
and  0.47  for  fuel  hydrogen  contents  of  14.5,  14.0,  13.0,  and  12.0  percent, 
respectively,  due  to  increased  liner  temperatures.  Turbine  stator  leading 
edge  temperatures  are  also  predicted  to  Increase  with  decreasing  fuel  hydro¬ 
gen  content,  but  stator  life  is  currently  limited  by  trailing  edge  cracking, 
so  no  fuel  effect  on  life  is  predicted. 

A  series  of  short  but  severe  fuel  noesle  fouling  tests  did  not  reveal 
any  major  problems  with  the  fuels  in  this  matrix.  However,  a  series  of 
longer  cyclic  JP-4  and  JP-8  fuel  nozzle  valve  gumming  tests  did  reveal 
significant  effects  of  fuel  type  and  temperature  on  useful  fuel  nozzle 
life.  These  results  were  correlated  by  the  temperature  difference  between 
the  breakpoint  by  visual  tube  rating  (JFTOT)  and  the  test  fuel  operating 
temperatures. 
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SECTION  TI 


INTRODUCTION 


For  more  than  25  years,  Che  primary  fuel  for  USAF  gas  turbine  powered 
aircraft  has  been  JP-4,  a  wide-cut  distillate  with  excellent  combustion 
characteristics  and  low-temperature  capability.  Typically,  its  heating 
value  has  been  over  43.3  MJ/kg  (18,700  Btu/lb),  Its  freezing  police  below 
219  K  (“65“  F) ,  and  its  aromatic  content  quite  low,  around  11  percent  by 
volume.  A  prime  conaldcratlon  in  the  definition  of  JP-4  was  that  during 
wartime,  a  large  percentage  of  domestic  crude  oil  could  be  converted  into 
this  product  with  minimum  delay  and  minimum  impact  on  other  major  users  of. 
petroleum  products. 

Conversion  from  high  volatility  JP-4  to  lower  volatility  JP-8,  which 
la  similar  to  commercial  Jet  A-1,  as  the  primary  USAF  alr;iraft  turbine 
fuel  has  been  under  consideration  since  1968.  The  strong  reasons  for  Che 
change  are  NATO  standaedizatien  and  reduced  combat  vulnerability. 

Domestic  crude  oil  production  peaked  In  1971  and  has  been  steadily 
declining  since  that  time,  while  demand  has  continued  to  increase.  Thus, 
particularly  since  1973,  the  cost  and  availability  of  high-grade  aircraft 
turbine  fuels  has  drastically  changed.  These  considerations  have  spurred 
efforts  to  determine  the  extent  to  which  current  USAF  fuel  specifications 
can  be  broadened  to  increase  the  yield  from  available  petroleum  crudes  and, 
ultimately,  permit  production  from  other  sources  such  as  coal,  oil  shale 
and  tar  sands. 

As  a  result  of  the  current  and  projected  fuel  situation,  the  USAK  h.is 
established  an  aviation  turbine  fuel  technology  program  to  identify  JP-4 
and/or  JP-8  fuel  specifications  which: 

1)  Allow  usage  of  key  worldwide  resources  to  assure  availability. 

2)  Minimize  the  total  cost  of  aircraft  system  operation. 

3)  Avoid  sacrifices  of  engine  performance,  flight  safety,  or  environ¬ 
mental  Impact. 

Engine,  airframe,  logistic,  and  fuel  processing  data  are  being  ncqulred  to 
establish  these  specifications.  This  report  contributes  to  the  needed  dnt.-i 
base  by  describing  the  effects  of  fuel  property  variations  on  the  flener.il 
Electric  FlOl  engine  main  combustion  system  wltti  respect  to  performanci', 
exhaust  emissions,  and  durability.  Similar  programs  basvjJ  on  tlie  Cener.'il 
Electric  J79  engine  (Reference  1)  and  the  Detroit  Diesel  Allison  T1’4J  and 
High  Mach  engines  are  also  being  conducted.  Collectively,  these  programs 
will  provide  representative  data  for  the  engine  classes  which  are  expected 
to  be  In  substantial  use  by  the  USAF  in  the  1980*8. 
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This  report  summarizes  the  results  of  a  13-month»  three-task  program 
which  was  conducted  to  clearly  Identify  which  fuel  properties  are  Important 
to  FlOl  engine  combustor  operation,  and  quantitatively  relate  fuel  property 
variations  to  combustor  performance,  emission,  and  durability  characteristics. 
Thirteen  test  fuels  provided  by  the  USAF  were  utilized.  Descriptions  and 
properties  of  these  fuels  are  presented  in  Section  III.  In  Task  I  of  the 
program,  test  planning  and  preparations  were  made,  based  on  use  of  the  FlOl 
engine  combustion  system  components  and  operating  characteristics  described 
In  Section  IV  and  the  three  test  rigs  and  procedures  described  In  Section  V. 

In  Task  II  of  the  program,  full-annular  combustor  performance/emlssions/ 
durability  tests,  low  pressure/ temperature  sector  combustor  cold  day  ground 
tests,  and  high  temperature  fuel  nozzle  foullng/gummlng  tests  were  conducted 
and  are  summarized  In  Section  VI. A.  In  Task  III  of  the  program,  these  tests 
were  analyzed  to  establish  the  fuel  property  correlations  also  presented  In 
Section  VI. A  and  to  establish  the  engine  system  life  predictions  presented 
In  Section  VI. B. 
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SECTION  III 


TEST  FUEL  DESCRIPTION 


A.  General  PeBcrtptton 

Thirteen  teat  fuels  were  supplied  by  the  USAF  for  combustion  system 
evaluation  In  this  program.  These  fuels  Included  a  current  JP-4,  a  current 
JP'8  (which  was  out  of  specification  on  freeze  point),  five  blends  of  the 
JP-4,  five  blends  of  the  JP-8,  and  a  No.  2  diesel.  The  blends  were  made 
up  by  the  USAF  to  achieve  three  different  levels  of  hydrogen  content: 

12,  13,  and  about  14  percent  by  weight.  Two  different  types  of  aromatics 
were  used  to  reduce  the  hydrogen  content  of  the  base  fuels:  a  monocyclic 
aromatic  (xylene  bottoms) ,  and  a  blcycllc  aromatic  described  by  the  sup¬ 
plier  as  a  "2040  solvent"  (a  naphthalene  concentrate).  A  third  blend  com¬ 
ponent,  used  to  Increase  Che  final  boiling  point  and  the  viscosity  of  two 
blends  Is  described  as  a  Mineral  Seal  Oil,  a  predominately  (90  percent) 
paraffinic  white  oil. 

The  rationale  for  Che  selecclon  of  chls  cesc  fuel  matrix  was  Co  span 
systematically  the  possible  future  variations  In  key  properties  that  might 
be  dictated  by  availability,  cost,  and  the  change  from  dP-4  to  JP-8  as  the 
prime  USAF  aviation  turbine  fuel,  and  the  use  of  nonpetroleum  sources  for 
Jet  fuel  production.  The  No.  2  diesel  was  selected  to  approximate  the 
Experimental  Referee  Broad  Specification  (ERBS)  aviation  turbine  fuel  that 
evolved  In  Che  NASA-Lewls  workshop  on  Jet  Aircraft  Hydrocarbon  Fuel  Tech¬ 
nology  (Reference  2). 

Physical  and  Chemical  Properties 

Fuel  properties  shown  In  Tables  1,  2,  and  3  were  determined  for  the 
most  part  by  Monsanto  Research  Corporation  under  contract  to  the  USAF, 

Table  4  presents  conventional  fuel  Inspection  data  determined  by  the  Aero¬ 
space  Fuels  Laboratory,  WFAFB.  These  data  may  be  useful  for  assessing  the 
accuracy  of  test  methods  and  comparing  these  fuels  to  those  used  In  other 
Investigations. 


In  Table  1,  density,  viscosity,  surface  tension,  and  vapor  pressure 
are  presented  at  a  common  temperature  together  with  temperature  cocl'fl •• 
dents  which  were  calculated  by  GE  from  Monsanto  3-point  data.  AIho  Hhuwn 
in  Table  1  are  the  fuel  components,  hydrogen  content  dctcrmlnnd  by  the  DSAI' 
using  ASTM  Method  D3701  (Nuclear  Magnetic  Resonance),  and  heating  va]iu‘ 
determined  by  Monsanto  using  ASTM  Method  D240-64.  Heating  value  of  tlicKo 
fuels  (Qnet*  very  nearly  a  unique  function  of  hydrogen  content 

(H,  percent)  which  can  be  closely  approximated  by: 


Qnet  “  35.08  +  0.5849  H 


(1) 


Surface  tension  is  virtually  the  same  for  all  of  the  fuels.  The  other  pro¬ 
perties  are,  in  general,  quite  dependent  upon  fuel  components  as  well  as 
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Table  2.  Test  Fuel  Hydrocarbon  Type  Analyses  (Mass  Spectroscopy,  ASTM  Method  D2789-71). 
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Table  3.  Test  Fuel  Gas  Chroiiatographlc  Slaulated  Distillation  (ASTM  Method  D2887) 
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hydrogen  content. 

Table  2  shows  hydrocarbon  type  analyses  by  mass  spectroscopy  (ASTM 
Method  D2789)  and  Figure  1  shows  a  comparison  of  total  aromatics  determined 
by  mass  spectroscopy  (from  Table  2)  and  by  fluorescent  indicator  adsorption 
(ASTM  Method  D1319  from  Table  4) .  It  Is  apparent  that  there  is  a  consis¬ 
tent  bias  between  the  results  of  the  two  methods,  with  the  mass  spectro¬ 
meter  yielding  the  mere  favorable  (lower  aromatic)  results,  particularly 
with  the  JF-8  based  fuels.  Aromatic  type  (monocyclic  or  bicycllc)  does 
not  appear  to  affect  this  bias. 

Figure  2  shows  the  variation  in  fuel  aromatic  content  (by  mass  spectros¬ 
copy)  with  hydrogen  content  for  these  fuels.  There  is,  of  course,  strong 
negative  correlation,  but  both  base  fuel  type  and  aromatic  component  struc¬ 
ture  affect  this  relationship. 

Table  3  lists  the  Gas  Chromatographic  Simulated  Distillation  (ASTM 
Me‘’hod  D2887)  data  for  each  of  the  test  fuels.  Among  the  blended  fuels, 
those  containing  the  Mineral  Seal  Oil  (Fuels  3  and  12)  had  the  highest 
final  boiling  points.  Figure  3  shows  the  complete  simulated  distillation 
curves  for  the  three  basic  fuels  and  the  variation  in  initial  and  end 
points  for  all  of  the  blends.  Points  worthy  of  note  are: 

1)  All  of  the  JP-4  blends  had  initial  boiling  points  (IBP's)  es¬ 
sentially  identical  to  that  of  the  base  JP-4  fuel  (about  300  K) . 

2)  All  of  the  JF-8  blends  and  the  diesel  fuel  had  IBP's  essentially 
identical  to  that  of  the  base  JP-B  fuel  (about  385  K) . 

3)  All  of  the  JP-8  blends  had  final  boiling  points  (FBP's)  not 
greatly  different  from  that  of  the  base  JP-8  fuel  (about  590  K) . 

4)  The  JP-4  blends  had  a  broad  range  of  FBP's,  spanning  those  of 
the  JP-8  blends  (about  585  +  35  K) . 

5)  The  diesel  fuel  had  a  significantly  higher  FBP  (about  680  K) . 

Figure  4  compares  fuel  volatility  characterist Lcs  as  measured  by  gas 
chromatography  and  conventional  distillation  (ASTM  Method  D86).  It  Is 
apparent  that  gas  chromatography  significantly  extends  the  apparent  boiling 
range  in  both  directions;  the  IBP  and  10  percent  recovery  temperatures  are 
lowered  while  the  90  percent  recovery  and  FBP  temperatures  ore  raised. 
Temperature  differences  of  up  to  about  70  K  arc  obtained  by  the  two 
procedures . 


Thermal  Stability  Characteristics 


The  thermal  stability  of  test  fuels  was  determined  by  the  Jet  Fuel 
Thermal  Oxidation  Tester  (JFTOT)  described  in  ASTM  Method  D3241.  The 
actual  thermal  stability  is  given  in  terms  of  the  breakpoint  which  is 


10 


Figure  1.  ComparlBon  of  Fuel  Aromatic  Content  by  Two  Test  Mcttiod.s. 
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Teaperature  by  Distillation 


Figure  4.  Comparison  of  Fuel  Recovery  Points  by  Distillation 
and  Gas  Chromatography. 
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dsfined  AS  Cha  highest  (smCsI)  teapersture  st  which  the  fuel  "passes"  by 
both  filter  pressure  drop  and  tube  rating.  A  fall  on  pressure  drop  Is 
25  as  Hg  pressure  drop  or  aore  In  less  than  ISO  minutes.  A  "fall"  on  thu 
tube  Is  a  color  code  of  3  or  darker  as  described  in  the  ASTM  procedure. 

In  practice,  the  fuel  la  tested  first  at  the  estimated  breakpoint,  then 
depending  upon  whether  It  falls  or  passes.  It  Is  rerun  at  a  teaparature 
10  K  lower  or  higher  until  the  breakpoint  Is  established. 

1.  Original  Test  Fuels 

Table  5  shows  the  JFTQT  data  that  ware  provided  by  the  USAF  for  the 
original  fuels.  Occasionally,  anomalous  or  Indeterminate  results  were 
obtained,  and  sonatinas  the  fuel  sample  (one  gallon)  was  expended  before 
the  breai^lnt  was  determined.  For  these  reasons,  breakpoints  are  not 
shown  for  all  of  the  tost  fuels.  Anomalous  results  are  those  in  %diich 
two  or  more  teats  of  the  same  fuel  at  the  same  temperature  showed  both  a 
"pass"  and  a  "fall".  Indeteminate  results  are  those  :ln  which  a  fuel 
passes  or  falls  by  both  tube  color  and  pressure  drop,  but  no  additional 
testa  were  run  at  higher  or  lower  teaperature  to  datemlne  by  which 
criterion  it  would  fall  first.  Generally,  it  appears  that  the  repeatabil¬ 
ity  and  raproduclblllty  of  the  breakpoint  Is  greater  than  the  difference 
In  thermal  stability  of  the  base  fuels  and  their  blends. 

Table  6  is  an  attempt  to  assign  ratings  to  tho  fuels,  despite  some 
apparent  lack  of  precision  in  the  test  results.  The  JP-6  base  fuel  appears 
to  be  significantly  ^re  stable  than  the  JF*4  base  fuel  In  these  tests. 
Bowever,  later  cooperative  tests  described  in  the  following  section  in¬ 
dicated  leas  differencs.  The  addition  of  Mineral  Seal  Oil  has  no  apparent 
effect  on  the  thermal  stability.  This  would  be  expected,  since  it  is  a 
high  purity  white  oil,  suitable  for  madlclnal  and  food  applications.  The 
addition  of  both  types  of  aromatics  appears  to  have  little  or  no  adverse 
effect  on  thermal  stability. 

2.  Lons  Time  Cyclic  Test  Fuels 

Because  the  originally  planned  fuel  nossle  fouling  testa  did  not  yield 
definitive  results,  the  scope  of  the  program  was  increased  to  include  a 
series  of  long-time  cyclic  tests  using  current  JP-4  and  JP-8  fuels.  In 
order  to  establish  more  precisely  the  thermal  stability  breakpoint  ratings 
ot  the  two  test  fuels  used  in  these  long-time  tests,  a  cooperative  program 
was  established  to  test  the  fuels  in  other  laboratories.  The  following 
organisations  participated  in  this  work: 

Texaco,  Inc. 

Port  Arthur,  Texas 

Exxon  Research  and  Engineering  Co. 

Linden,  Mew  Jersey 
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Table  B,  Fuel  Sample  Thermal  Stability  Teat  Reaulta  (ASTM 
Method  D32dl). 


Mode  of 

al  Ke. 

Breakpoint ,  K 

Failure 

1 

<318,  318 

Tube 

1 

333 

Tube 

1 

328 

Tube 

1 

338,  543 

Tube 

2 

<563 

AP 

2 

548,  553 

Tube 

2 

558 

Tube 

2 

563 

Tube 

2 

593,  603 

Tube 

2 

603 

Tube 

2 

533 

Tube 

2 

573 

Tube 

3 

568 

Tube  and  AP 

3 

583 

Tube 

3 

573 

Tube 

4 

<573 

Indeterminate 

4 

>533,  <573 

Indeterminate 

4 

373 

Tube 

5 

<533 

Indeterminate 

5 

<533 

Tube 

5 

>383 

Indeterminate 

6 

513 

AP 

6 

>583 

Indetenolnate 

6 

>553,  <583 

Tube 

7 

>573 

Indeterminate 

6 

<523 

AP 

e 

553 

Tube 

9 

>513,  <533 

Tube 

9 

533 

Tube 

10 

553 

Tube 

11 

543,  553 

Tube  and  AP 

12 

543 

Tube 
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Table  6,  Sstimatad  Tharmal  Stability  Ratinga  of 
Taat  Fuala  (ABTM  Matbod  D3241) . 


Fuel  No, 

Braal^olnt 

Ranga«  K 

Eatlmatad 
Rating,  K 

1 

<518-548 

533  +  15 

2 

546-603 

576  +  28 

3 

568-583 

576  +  8 

4 

>533-<573 

553  +  20 

5 

<533->583 

558  ±  25 

6 

513-583 

548  +  35 

7 

>573 

573 

8 

<523-553 

538  +  5 

9 

>513-533 

523  +  10 
•*> 

10 

553 

553 

11 

543-553 

548  +  5 

12 

543 

543 

Alcor,  Inc. 

San  Antonio,  Texas 

The  Dupont  Co. 

Tulsa,  OklahoM 

Naval  Research  Laboratory 

Uashlngton,  D.C. 

Ashland  Petrolautt  Co. 

Catlettsburg,  Kentucky 

Aero  Propulsion  Laboratory 

Wright-Patterson  Air  Force  Base,  Ohio 

Representative  samples  of  the  fuels  were  taken  from  the  line  supplying 
the  rig,  while  testing  was  In  progress,  using  well->rlnsed  metal  sample  cans. 
At  about  the  same  time.  Air  Force  personnel  took  samples  of  their  retain 
fuels,  for  testing  by  the  same  laboratories. 

The  data  secured  from  the  cooperative  program  on  thermal  stability 
testing  of  the  JP-4  and  JP-8  base  fuels  arc  shown  in  Table  7.  The  data 
are  surprising  In  that  they  Indicate  the  JP-8  samplea  frnn  GE  arc  much 
lower  quality  than  the  JP-8  samples  from  the  Air  Force,  although  they  all 
represent  the  same  fuel.  This  might  imply  that  the  JP-6  degraded  In 
storage  at  GE,  or  the  samples  were  contaminated.  However,  both  theories 
appear  Invalid  since  the  JP-4  samples  from  both  sources  shoved  excellent 
agreement,  and  the  JP-4  at  GE  was  stored  and  sampled  In  the  same  manner  as 
the  JP-8. 

Based  on  the  above  program,  the  JP-8  would  be  rated  lover  than  the 
JP-4,  and  the  fuel  nozsle  valve  tests  would  show  a  reverse  correlation 
with  the  laboratory  results.  However,  the  D3241  data  appear  abnormal  In 
that  they  all  showed  failure  by  pressure  drop  on  the  samples  from  CE.  A 
review  of  all  of  the  original  data  submitted  by  the  cooperative  labora¬ 
tories  showed  that  if  pressure  drop  failures  were  ignored,  all  of  the  JP-8 
samples  from  GE  would  show  breakpoints  In  the  range  of  553  to  593  K  based 
on  the  visual  tube  ratings  only  (Table  8),  and  the  JP-8  would  rate  better 
than  the  JP-4.  This  would  then  correlate  quite  well  with  the  fuel  nozzle 
valve  test  results  which  are  described  in  Section  VI. A. 10. 

In  view  of  these  findings.  It  appears  that  the  development  of  pressure 
drop  in  the  JFTOT  has  no  relationship  to  the  perforuancu  of  hot  fuels  in 
close-fitting  valves,  and  It  is  suggested  that  thermal  stability  ratings 
based  on  JFTOT  tube  deposits  alone  may  correlate  better  with  the  perfor¬ 
mance  of  engine  hardware  with  hot  fuels. 

D.  Computed  Combustion  Parameters 

Table  9  shows  several  fuel  parameters  which  were  computed  from  the 
physical  and  chemical  properties  for  use  in  conducting  the  combustion 
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CoopeTative  D3241  ThexMl  Stability  Tests 
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Nunber  of  Definitive  Ratings  used  in  averaging 


Table  8i  Results  of  Cooperative  D3241  Thermal  Stability 
Teats  of  JP-8  Fuel. 


Bsnssniii 

Breakpoint  bv  Visual  Tube  Ratlna  Only.  K 

Samples 

Samples 

From  GE 

From  WPAFB 

Texaco 

>573 

<583 

Exxon 

>533,  <568 

a* 

Alcor 

>563,  <583 

563 

du  Pont 

>593 

583 

NRL 

>513,  <563 

>543,  <558 

Ashland 

>553,  <573 

568 

WPAFB 

573 

- 
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Coabustlon  Paraneters 


tasts  and  analyses  of  the  results. 

Fuel  hydrogen-to-carbon  atom  ratio  (n)  was  used  In  the  exhaust  gas 
sample  calculation.  It  was  calculated  directly  from  the  hydrogen  might 
percent  (H)  by  the  relatlonahip: 


11.915  H 
100  -  H 


(2) 


and  ranged  from  1.625  to  2.021  as  hydrogen  content  Increased. 

Stoichlomatric  fuel-air  ratio  (fgt)  was  uaad  to  calculate  comparative 
adiabatic  flasM  tamparatures.  It  was  calculated  from  the  fuel  hydrogen-to- 
carbon  ratio  (n)  by  the  relationship: 


f  0.0072324  (1.008  n  +  12.013 
"  d  +  0.25  ni 


which  assumes  that  the  fuel  la  CHq,  the  air  Is  20.9495  volume  percent 
oxygen,  and  the  air  has  a  molecular  weight  of  28.9666.  For  the  test  fuels 
the  stoichiometric  fuel-air  ratio  ranged  from  67.50  to  70.19  g  fual/kg  air 
as  hydrogen  content  decreased. 

Stoichiometric  flame  temperature  was  used  in  analyses  of  NO  emissions. 
It  was  calculated  at  takeoff  operating  conditions  (Tj  829  K,  ‘3  ■ 

2.718  MPa)  using  a  standard  equilibrium-thermodynamics  computer  program 
(Reference  3)  and  ranged  from  2592  to  2613  R  ao  hydrogen  content  decreased. 

Relative  required  fuel  flow  rate  was  used  In  all  combustion  tests  to 
adjuat  the  JP-4  fueled  engine  cycle  operating  fuel  flow  rates  for  the 
reduced  heating  values  of  the  other  fuels.  The  factor  is  merely  the  ratio 
(QjP-4/0)  ranged  from  1.000  to  1.0395. 

Relative  fuel  spray  droplet  size  was  used  In  analyses  of  the  low 
power  emissions  and  relight  performance.  The  FlOl  combustion  system 
employs  alrblsst  atomizing  fuel  nozzles,  so  Rlzkalla  and  Lefebvro's  cor¬ 
relation  parameter  for  this  type  atomizer  (Reference  4)  was  used  to  esti¬ 
mate  the  relative  fuel  spray  droplet  Sauter  Mean  Diameter  (SMD)  at  Idle 
conditions  from  the  test  fuel  density  (p),  surface  tension  (o)  and 
viscosity  (v)  by  the  empirical  relationship: 


521  o' 


j-^— j<-  0-037[v/p]°-®^[op]^*^jjl+«^/:j^  2 


In  this  relationship,  is  the  ratio  of  fuel  flow  to  airflow  in  the 

atomizer  and  is  the  air  velocity  in  the  atomizer.  For  the  FlOl  com¬ 
bustor  at  idle  operation  conditions,  these  two  values  were  approximately 
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0.5  and  100  n/a,  respectively,  for  all  fuels.  As  sliovn  in  Table  9,  none  of 
the  blending  agents  appreciably  changad  the  predicted  relative  droplet  size 
of  the  base  fuel.  Boiiever,  the  JP-8  based  fuels  are  predicted  to  produce 
■ean  droplet  aises  about  20-30  percent  larger  than  those  of  the  JP-4  fuel. 
Further,  the  diesel  fuel  la  expected  to  produce  naan  droplet  sizes  about 
40  percent  larger  than  those  of  the  JP-4  fuel. 


SECTION  IV 

FlOl  ENGINE  COMBUSTION  SYSTEM  DESCRIPTION 


Overall  Engine  Deecrlptlon 


The  FlOl  engine  Is  an  advanced,  light-weight,  fully-augmented  turbofan 
engine.  A  cross-sectional  view  is  shown  in  Figure  5.  This  engine  com¬ 
pleted  product  verification  (PV)  testing  in  1976.  The  FlOl  has  a  two-stage 
fan  and  a  nine-stage  compressor.  The  fan/compressor  pressure  ratio  is  ap¬ 
proximately  26.8:1  at  standard  day  sea  level  takeoff  conditions.  The  com¬ 
bustion  system  employs  a  very  short  annular  liner.  The  turbine  has  a 
single  stage  air  cooled  high  pressure  turbine,  coupled  directly  to  the 
compressor  and  a  two-stage  low  pressure  turbine  which  drives  the  fan.  The 
engine  has  a  fully  modulating  mixed  flow  augmentor. 


Mixing  of  the  core  and  fan  air  streams  Is  accomplished  with  a  2G  lobed 
daisy  mixer.  The  augmentor  has  2  circumferential  V  gutters  at  the  hub  and 
tip  connected  by  28  radial  (sloped)  V  gutters.  The  radial  V  gutters  are 
located  In  the  mixer  chutes  which  define  the  hot  core  stream  flowpath. 

At  lightoff  conditions,  only  the  Inner  ring  gutter  la  fueled.  At  higher 
power  conditions,  the  entire  core  stream  (entire  flameholder)  Is  fueled. 

At  maximum  augmentation,  the  fan  stream  is  also  fueled.  The  tailpipe  has 
a  convectlvely  cooled  liner  and  the  engine  has  a  variable  area  converging- 
diverging  exhaust  noasle. 


B.  Combustion  System  Description 


The  FlOl  main  combustor  la  a  short  length  annular  design  which  features 
machined  ring  liners,  a  step  diffuser  and  two-stage  counter  rotating 
swirlers  which  permit  the  use  of  a  low  pressure  fuel  injection  system.  A 
photograph  of  the  combustor  assembly  is  shown  lu  Figure  6  and  the  flowpath 
showing  the  major  components  of  the  combustion  system  is  illustrated  In 
Figure  7.  Compressor  discharge  air  Is  delivered  to  the  combustor  through 
the  compressor  outlet  guide  vanes  (OGV's)  which  are  part  of  the  one-piece 
diffuser  -  OGV  casting.  The  OGV's  provide  structural  support,  so  that 
there  are  no  compressor  rear  frame  struts  in  the  flowpath.  After  passing 
through  the  vanes,  the  velocity  of  the  flow  is  reduced  in  the  diffuser. 

At  the  end  of  the  diffuser,  the  flow  is  essentially  dumped  and  dlvidea 
ln.:o  three  streams,  to  supply  the  dome  and  the  two  combustor  passages. 

A  portion  of  the  flow  enters  the  combustion  zone  through  two-stage 
counter  rotating  swirlert  (twenty  total)  which  provide  fuel  atomization  as 
well  as  flow  recirculation  and  flame  stabilization  in  the  primary  zone. 
Additional  dome  air  enturs  through  perforations  in  the  structure  to  provide 
impingement  cooling  of  the  splash  plates.  The  splash  plates  serve  as 
transitions  from  the  circular  swlrler  exits  to  the  annular  dome.  The 
splash  plate  impingement  cooling  air  also  provides  for  hot  side  film  cool¬ 
ing  for  the  dome  structure.  Figure  8  Is  a  view  looking  forward  into  a 
dome. 
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FlOl  Engine  Combustor  Assembly. 


Figure  8.  FlOl  Combustor  Dome  Details,  Aft  Looking  Forward. 


Approximately  half  of  the  airflow  delivered  to  the  liners  Is  used  for 
film  cooling.  The  remainder  la  Introduced  through  primary  and  secondary 
dilution  holes.  The  primary  flow  enters  the  reaction  zone  and  servea  to 
stabilize  and  complete  the  combustion  process.  The  secondary  air  mixes 
with  the  hot  gases  from  the  primary  eons  to  provide  the  desired  turbine 
temperature  profile. 

The  combustor  liners  are  each  machined  from  individual  forgings  of 
Hastelloy  X.  A  series  of  slots  are  machined  Into  the  walls  to  provide 
film  cooling.  The  slots  are  fed  with  cooling  air  through  a  series  of 
perforations  In  the  upstream  side  of  the  slots.  Figure  9  Illustrates 
the  cooling  scheme.  The  combustor  contains  a  bolted  joint  which  secures 
the  dome  to  the  inner  cowl  and  the  Inner  liner.  The  dome,  outer  liner, 
and  outar  cowl  are  a  single  welded  assembly.  Provisions  for  differential 
expansion  between  the  fuel  Injectors  and  the  combustor  are  provided  by 
allowing  the  primary  swlrler  to  move  In  both  the  radial  and  circumferential 
directions  with  respect  to  the  secondary  swlrler. 

The  combustor  Is  mounted  at  the  downstream  end  of  each  liner.  The 
liner  Is  bolted  to  the  inner  combustion  casing  through  a  structure  which 
also  provides  support  for  turblna  nosile  cooling  air  filtering  screens. 

The  outer  liner  la  mounted  through  a  similar  screen  structure  which  Is 
trapped  In  the  casing  assembly  by  a  bolted  flange.  Laaf  seals  prevent 
leakage  of  air  between  the  combustor  and  high  pressure  turbine  nozzle. 

The  combustor  casing  has  provisions  for  two  externally  removable  Igniters, 
boreseope  Inspection  ports  and  bosses  for  the  20  fuel  Injectors. 

The  fuel  system  consists  of  20  individual  injectors  and  a  fuel  manifold. 
Each  fuel  Injector  has  a  valve  mounted  externally  to  the  combustor  casing, 
a  dual  wall  stem  and  tip  with  four  ports  which  spray  fuel  radially  outward 
from  the  swirl  cup  centerline.  A  photograph  of  the  nozzle  and  a  cross- 
sectional  drawing  are  shown  In  Figure  10.  The  double  wall  minimizes  heat 
transfer  to  prevent  fuel  coking  and  to  reduce  thermal  gradients  In  the 
outer  structural  elements.  The  smallest  fluid  passages  In  the  Injector  tip 
are  the  four  ports  which  are  0.140  cm  diameter  each.  A  fuel  flow  schedule 
versus  pressure  drop  for  a  single  Injector  is  shown  In  Figure  11. 

C.  Combustor  Operating  Conditions 

The  combustor  must  operate  over  a  wide  range  of  fuel  flow,  inlet  air¬ 
flow,  temperature  and  pressure.  Table  10  presents  the  combustor  operating 
parameters  at  several  Important  steady  state  operating  conditions  as  well 
as  for  the  ground  starting  conditions.  At  these  conditions,  fuel  effects 
on  combustor  performance,  emissions  and  combustor  and  turbine  life  are  of 
particular  Interest. 

The  combustion  system  must  also  provide  for  storting  over  a  wide  nin^e 
of  altitude  conditions.  Figures  12  and  13  present  altitude  rollgitt  wind- 
milling  flow  conditions  (Wq  and  P3)  for  both  an  open  exhaust  nozzle  and  .1 
closed  nozzle.  For  the  purposes  of  this  program,  the  upon  nozzle  coiull- 
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Fuel  NozKlo  Preecjuru  Drop,  MPa 
Figure  11*  FlOl  Engine  Fuel  Nozzle  Flow  Characterlntlc 
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Table  10.  FlOl  Engine  Coabuscor  (grating  Conditions. 
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tlona  which  arc  more  severe  relative  to  combustor  relight  were  used.  Dur* 
Ing  actual  altitude  starting,  the  control  commands  the  noztle  to  the  closed 
stop  position. 

D.  Combustor  Life  Experlanea 

The  mechanical  durability  of  the  combustor  (using  current  JP-4  fuel)  has 
been  determined  during  an  extensive  factory  engine  test  program.  Following 
are  brief  descriptions  of  several  types  of  engine  teats  that  are  conducted 
with  the  teat  hours  and  cycles  that  have  been  accumulated  on  Individual  com¬ 
bustors. 


PV  Endurance  Testlna 

Each  standard  endurance  test  consists  of  1.^/  operating  hours.  Including 
operation  at  tha  low  altitude-high  Mach  penetration  condition.  One  PV  com¬ 
bustor  accumulated  the  following  operating  time  and  cycles  during  2  such 
back-to-back  endurance  tests: 


Total  Time 

373  hours 

Time  at  Max  T4 
(Over  Approx.  1672  K) 

143  hours 

Thermal  Cycles 

2155 

Starts 

292 

PV  Low  Cycle  Fatlaue  (LCF) 

The  LCF  test  consists  of  a  13-nlnute  sea  level  cyclic  test.  Each  cycle 
has  2  rapid  throttle  movements  (bursts)  to  maximum  temperature  conditions 
from  idle  and  5  minutes  at  maximum  power.  A  shutdown  and  motoring  is  In¬ 
cluded  between  each  cycle.  An  example  of  the  time  accumulated  on  a  single 
PV  combustor  Is: 

Total  Tima 

350  hours 

Time  at  Max  T4 

72  hours 

Thermal  Cycles 

3330 

Starts 

1685 

LCF  Cycles 

1634 

PV  Life  Cycle  Testing 


The  life  cycle  test  consists  of  a  30-tiilnute  sea  level  cyclic  test  which 
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Includes  2  idle-to-maxlmum  power  bursts.  Twenty-two  minutes  of  each  cycle 
Is  spent  at  maximum  T4  conditions  to  evaluate  the  effects  of  long  hold 
time  on  the  hot  section.  One  PV  combustor  accumulated  the  following  exper¬ 
ience  In  this  type  of  testing: 

Total  Time  643  hours 


Time  at  Max  T4 
Thermal  Cycles 
Starts 


375  hours 
2155 

ICll 


Life  Cycles  929 


Status 


The  various  PV  combustors  c-.-aluated  to  date  exhibited  distress  In  the 
same  general  regions  regardless  of  which  of  the  above  tests  were  ccmducted. 
Figure  14  Indicates  the  location  and  type  of  distress  typically  observed. 

In  the  doiDt}  region,  erosion  was  experienced  on  the  edges  of  the  splash  plate 
and  in  the  dome  structure  between  cups.  The  cooling  clotti  adjacent  to  the 
liners  between  cups  also  were  eroded. 

The  lact  panel  of  the  Inner  liner  suffered  from  local  hot  spot’  which 
eventually  become  holes  typically  0.13  to  0.25  cm  In  dianieter.  These  holes 
are  located  axially  downstream  of  the  corners  of  the  splash  plate. 

The  outer  liner  distress  Is  also  experienced  at  the  downstream  end  of 
the  last  two  panels.  Axial  cracks  of  approximately  2.5  cm  In  length  were 
observed  locally  after  endurance  testing. 

At  the  completion  of  2  back-to-back  engine  PV  endurance  tests  (approxi¬ 
mately  370  hours),  the  20  fuel  Injectors  typically  meet  the  new  flow  call 
brat  Ion  characteristics  and  there  Is  no  plugging  or  blocking  of  the  flow 
passages  or  exit  ports. 
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SECTION  V 


APPARATUS  AMD  PROCEDURES 


All  eonbustor  mnd  £u«l  notil*  tasting  In  this  program  was  conductad  in 
speciallsad  facilitlas  at  tha  Ganaral  Elactrlc,  Bvandsla.  OhlOt  Plant,  using 
apparatus  and  proeaduraa  which  ara  daaoribad  in  tha  following  sections.  Com¬ 
bustor  perfomanea/emissions/durabllity  tasts  vara  conductad  in  a  high  pras- 
sura/tamparatura  full-annular  combustor  rig  which  is  described  in  Section 
V.A.  Atnospharle  pressure  teats  vara  also  conducted  in  this  facility*  chiefly 
to  datamina  combustor  discharge  tamparatura  distribution.  In  parallel*  car¬ 
bon  deposition  teats  were  conducted  in  a  singla-cup  facility  described  in 
Section  V.B,  and  combustor  cold  day  ground  start/alcituda  relight  tests  were 
conducted  in  a  low  preaaura/Camparatura  S4-dagraa  sector  rig  which  is  dae- 
cribad  in  Section  V.C.  Also  in  parallel*  high  temperature  fuel  nossle 
fouling  teats  vara  ecmductad  in  a  asuill  specialised  test  rig  described  in 
Section  V.O.  Special  fuel  handling  procedures  used  in  all  of  these  tests 
are  described  in  Section  V.E.  Finally*  procedures  employed  in  analyses  of 
these  data  are  described  in  Section  V.F. 

A.  Performance/Emissions/Durability  Tests 

High  pressure/ temperature  combustor  rig  testa  vers  conducted  at  simu¬ 
lated  FlOl  engine  idle*  cruise*  takeoff*  and  dash  operating  conditions  with 
each  of  the  fuels  to  determine  the  following  characteristics: 

1)  Gaseous  amissions  (CO*  HC*  and  NO^). 

2)  Smoke  emissions. 

3)  Liner  temperatures. 

Combustion  exit  temperature  profile  and  pattern  factor  were  also  determined 
in  this  rig*  but  with  atmospheric  discharge  pressure.  Thus*  a  large  pert 
of  the  total  data  was  obtained  in  these  tests  using  apparatus  and  procedures 
described  in  the  following  sections. 

1.  Full  Annular  Combustor  Test  Rig  Description 

These  tests  were  conducted  in  Cell  A3*  located  in  Building  303  of  the 
Evendale  Plant.  This  test  cell  is  equipped  with  all  of  the  ducting*  fuel 
and  air  supplies,  controls*  and  instrumentation  required  for  conducting 
combustor  high  pressure/ temperature  tests.  High  pressure  air  is  obtained 
from  a  central  air  supply  system*  and  a  gas-fired  indirect  air  heater  is 
located  adjacent  to  the  test  cell.  For  the  full-annui.ar  combustor  rig* 

FlOl  engine  idle  and  cruise  operating  conditions  were  exactly  duplicated. 
Takeoff  and  dash  operating  conditions  were  exactly  duplicated  with  respect 
to  temperature,  velocity,  and  fuel-air  ratio,  but  pressure  and  flow  rates 
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were  reduced  to  46  percent  and  36  percent,  respectively,  of  the  true 
engine  conditions  to  be  within  the  facility  airflow  capability. 

The  High  Pressure  Combustor  Test  Rig,  shown  In  Figures  15  and  16, 
simulates  the  engine  flow  path  from  the  compressor  outlet  guide  vane  (OGV) 
to  the  first-stage  turbine  stator  vanes.  Since  turbine  bleed  air  Is  not 
Included  in  the  rig  simulation.  Its  effect  on  liner  airflow  or  backside 
cooling  Is  not  present  In  this  rig.  As  shown  in  Figure  15,  the  test  rig 
Inlet  flange  bolts  up  to  a  plenum  chamber  In  the  test  cell.  Figure  16  shows 
the  discharge  Instrumentation  for  the  higher  pressure  tests.  Figure  17 
shows  the  exit  Instrumentation  for  atmospheric  testing.  In  this  testing,  s 
rotating  rake  with  four  Instrumentation  stations  is  traversed  around  the 
annulus  to  obtain  a  detailed  exit  temperature  profile. 

2.  High  Pressure  Test  Instrumentation 

A  sumnary  of  the  Important  combustor  operating,  performance  and  amission 
parameters  which  were  measured  or  calculated  In  these  tests  Is  shown  In 
Table  11.  Airflow  rates  were  measured  with  standard  ASHE  orifices.  Fuel 
flow  rates  were  measured  with  calibrated  turbine  flowmeters  corrected  for 
the  density  and  viscosity  of  each  test  fuel  at  the  measured  supply  temper¬ 
ature.  Combustor  Inlet  temperature  and  pressure  were  measured  with  plenum 
chamber  probes. 

Combustor  outlet  gas  samples  ware  measured  as  shown  In  Figure  18  and 
19.  Each  rake  contained  five  impact  preasure/gas  sample  probes  located  on 
radial  centers  of  area.  As  shown  In  Figure  19,  the  Impact  probe  elements 
were  manifolded  to  three  heated  gas  sample  transfer  lines  leading  out  of  the 
test  cell  to  the  gas  composition  measurement  Instruments.  Rakes  A  and  B 
were  connected  through  selector  valves  to  a  smoke  measurement  console 
(Figure  20)  and  rakes  D,  E,  I,  and  H  were  connected  to  a  gas  analysis  con¬ 
sole  (Figure  21).  Rakes  B  and  G  were  connected  to  record  exit  pressure. 

The  General  Electric  smoke  measurement  console  shown  In  Figure  20 
contains  standard  test  equipment  which  fully  conforms  to  SAE  ARP  1179 
(Reference  5).  Smoke  spot  samples  are  collected  on  standard  filter  paper 
at  the  prescribed  gas  flow  rate  and  at  four  soiling  rates  spanning  the 
specified  quoted  soiling  rate.  The  spot  samples  are  later  delivered  to  the 
data  processing  area,  where  the  reflectances  are  measured  and  the  SAE  Smoke 
Number  Is  calculated. 

The  gaseous  emissions  measurement  console  shown  In  Figure  21  Is  one 
of  several  assembled  to  General  Electric  specifications  for  CAROL  systems 
(Contaminants  Analysed  and  Recorded  On-Line)  that  conform  to  SAE  ARP  1256 
(Reference  6).  This  system  consists  of  four  basic  instruments:  a  flame 
Ionisation  detector  (Beckman  Model  402)  to  measure  total  hydrocarbon  (HC) 
concentrations,  two  nondlsperslve  Infrared  analyzers  (Beckman  Models  865 
and  864)  for  measuring  carbon  monoxide  (CO)  and  carbon  dioxide  (CO2)  con¬ 
centrations,  and  a  heated  chemiluminescent  analyzer  (Beckman  Model  951) 
for  measuring  oxides  of  nitrogen  (NO  or  NOj^  -  NO  +  NO2)  concentrations. 
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Figure  15.  Full  Annular  FlOl  Combustor  Test  Rig. 


Figure  16.  Rear  Quarter  View  of  Full  Annular  Combustor  Test  Rig- 


Each  of  the  instruments  are  fully  calibrated  with  certified  gases  before 
and  after  each  test  run,  and  periodically  during  test,  zero  and  span  checks 
are  made.  Readings  from  the  instruments  are  continuously  recorded  on  strip 
charts  and  hand-logged  on  test  and  calibration  points  for  later  calculation 
of  concentration,  fuol-alr  ratio,  and  emission  indices  using  a  computer 
program  which  incorporates  the  equations  contained  in  ARP  1256. 

Combustor  liner  temperature  was  measured  by  an  array  of  33  thermo¬ 
couples  located  on  the  inner  and  outer  liner  as  shown  in  Figure  22.  This 
instrumentation  pattern  was  selected  to  provide  detailed  data  In  the  vicinity 
of  the  known  hottest  regions  of  the  combustor.  Table  12  presents  the  specific 
therthocouple  locations.  Figures  23,  24,  and  25  show  the  actual  li!ner  thermo¬ 
couple  Installatlona  on  the  liners, 

3.  High  Pressure  Test  Procedures 

A  total  of  13  high  pressure  rig  teats  were  run,  one  for  each  test  fuel. 
Each  test  was  conducted  to  the  eight-point  test  schedule  shown  in  Table  13, 
ateady-atate  operating,  performanca  and  emissions  measurements  were  obtained 
at  simulated  engine  Idle,  cruise,  takeoff,  and  dash  operating  conditions.  At 
each  of  these  simulated  engine  operating  conditions,  data  were  recorded  at  two 
nominal  fual-alr  ratios:  80  and  100  parcent  of  the  engine  cycle  value  corrected 
for  the  test  fuel  heating  value. 

4.  Atmospheric  Discharge  Test  Instrumentation 

For  atmospheric  discharge  tests,  the  test  rig  was  installed  in  the 
west  stand  of  Test  Cell  A3  and  an  external  traverse  ring  was  attached  to  the 
combustor  housing  exit  flange.  An  array  of  five-element  thermocouple  rakes 
was  attached  to  the  ring,  which  was  remotely  actuated,  to  obtain  a  detailed 
survey  of  the  combustor  exit  temperature  distribution.  Four  rakes  mounted 
90  degrees  apart  were  used,  and  a  survey  consisted  of  rotating  the  ring  in 
a  clockwise  direction,  aft  looking  forward,  through  an  angle  of  90  degrees. 
However,  the  ring  was  also  rotated  in  the  counterclockwise  direction  on  one 
test  point  in  a  run,  so  in  each  quadrant  readings  from  two  different  rakes 
were  available.  These  readings  could  then  be  compared  to  Insure  that  each 
rake  was  reading  correctly. 

5.  Atmospheric  Diacharge  Teat  Procedure 

Thirteen  atmospheric  pressure  rig  tests  were  run,  one  for  each  fuel. 

Each  fuel  waa  tested  according  to  the  six  point  test  cchedule  as  shown  In 
Table  14,  except  in  order  to  avoid  exceeding  the  temperature  capability  of 
the  exit  thermocouple  rakes,  it  was  necessary  to  limit  fuel-air  ratio  at 
takeoff  and  dash.  Point  6,  which  is  the  same  as  point  5,  except  for  the 
direction  of  rotation  of  the  traverso,  was  taken  only  on  selected  fuels 
since  no  significant  differences  were  noticed. 
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Table  12.  Combustor  Liner  Temperature  Instrumentation 


Outer  Liner  Temperature  lastrumeatation  at  Fuel  Nozzle  Numbers 


Instrumentation 


III  i||ini)|i  |i  I  <  I "  i  '  jii  V'  '  M  III  il  T~ 


B.  Carbon  Depegltlon  Ttigts 

1.  High  Pressure.  Single-Cup  Teat  Rig  Dgacrlptlon 

The  tastfl  were  perfomed  In  Teat  Cell  A5t  located  in  Building  lOA  at 
the  Evendele  Plants  This  cell  has  all  the  necesaary  ducting,  controls. 
Instrufflentation.  fuel  supplies,  and  high  preasuro  and  temperature  air 
supplies  required  for  the  testing.  The  rig  shown  in  Figure  26  is  a  single 
8>inch  diameter  pipe  in  which  la  mounted  a  J79  low-smoke  combustor  inner 
liner.  All  dilution  holes  of  this  liner  were  closed,  leaving  only  cooling 
slots  open.  The  FlOl  swlrler  and  splash  plate  assembly  was  mounted  on  the 
dome  of  this  liner. 

The  test  rig  was  Instrumented  with  static  pressure  taps  located  in  the 
air  passage  both  upstream  and  downstream  of  the  J79  dome,  and  in  the  fuel 
line  near  the  fuel  nossle  Inlet. 

Approximately  six  skin  thermocouples  were  attached  to  the  liner, 
splash  plate,  and  swlrler,  in  locations  selected  from  previous  test  experi¬ 
ence.  Combustor  inlet  airflow  was  measured  by  a  thin  plate  orifice  flow¬ 
meter  constructed  according  to  ASME  standards.  Fuel  flow  was  measured  by 
turbine-type  flowmeters. 

2.  Carbon  Deposition  Test  Procedure 

All  13  fuels  were  tested  In  the  carbon  deposition  test  rig.  The 
schedule  of  test  conditions  shown  in  Table  15  was  derived  from  actual  FlOl 
engine  operating  conditions,  except  that  it  was  made  intentionally  severe 
with  respect  to  both  dome  pressure  drop  (25  percent  low)  and  fuel  temperature 
(at  least  14  K  higher  than  the  usual  436  K)  in  order  to  accentuate  carbon 
deposition  tendencies  in  the  short  test  (5-1/4  hr). 

The  test  point  schedule  shown  In  Table  15  consists  of  seven  test 
conditions  with  a  hold  time  of  45  minutes  at  each  condition.  At  each  point, 
the  airflow  was  set  to  obtain  the  prescribed  dome  pressure  drop.  Data 
readings  were  taken  upon  establishing  each  point,  and  at  15-mlnute  intervals 
thereafter. 

Prior  to  each  test,  the  iwirler  assembly  and  fuel  noziile  was  cleaned 
and  flow-calibrated.  Instrumentation  was  refurbished  as  required, 

After  the  test,  the  swirler-dome  assembly  and  the  fuel  nozzle  were 
removed  from  the  rig,  inspected  visually,  photographed,  and  recalibrated 
In  the  appropriate  flow  laboratories. 

C .  Cold  Day  Ground  Start/Altltude  Relight  Tea  lb 

Low  pressure/temperature  54-degree  sector  combustor  rig  tests  were 
conducted  at  simulated  FlOl  engine  ground  cranking  and  altitude  wlndmilllnp, 
operating  conditions  to  determine  the  cold-day  ground  start  and  altitude 
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pressure  drop  is  752  of  true  engine  Z  pressure  drop  to  increase 


rallght  characteristics  of  each  of  the  test  fuels.  Apparatiif<  and  procedures 
which  were  utilized  are  described  In  the  following  sectlono, 

1.  54-Degree  Sector  Test  Rla  Description 

These  tests  were  conducted  in  the  Building  301  Combustion  Laboratory 
at  the  Evendale  Plant.  This  facility  has  capabilities  for  testing  small 
combustor  rigs  over  a  wide  range  of  simulated  ground  start  and  altitude  re¬ 
light  conditions.  Liquid  nitrogen  heat  exchangers  are  usi^d  to  obtain  low 
fuel  and  air  tenperatures ,  and  steam  ejectors  In  the  exhaust  ducting  are 
used  to  obtain  low  combustor  inlet  preseures. 

The  low  pressure  FlOl  54-degree  sector  combustor  rig  used  In  these  tests 
Is  shown  In  Figures  27  and  28.  The  combustor  housing  simulates  a  54-degree 
segment  cf  the  engine  combustion  system  flowpath.  Combustor  Inlet  temperature 
and  pressure  are  measured  with  probes  in  the  plenum  chamber.  The  combustor 
assembly  Is  Installed  from  the  rear  of  the  combustor  housing  which  bolts  up 
to  a  flange  simulating  the  turbine  inlet.  An  array  of  thermocouples  Is 
located  In  the  primary  zone  to  sense  Ignition  and  blowout.  This  rig  has  no 
provisions  for  turbine  cooling  air  extraction. 

Air  obtained  from  the  central  supply  system  was  dried  at  the  facility 
to  a  dew  point  of  about  240  K  and  metered  with  a  standard  ASME  orifice. 

Fuel  flow  rates  were  measured  with  calibrated  turbine  meters  corrected  for 
the  density  and  viscosity  of  each  test  fuel  at  the  measured  supply  temper¬ 
ature.  All  temperature •  pressure,  and  flow  data  were  read  on  direct  Indica¬ 
ting  instruments  (manometers,  potentiometers,  etc.)  and  hand  logged  by  the 
test  operator. 

2.  54-Degree  Sector  Tost  Procedure 

The  first  part  of  the  test  with  each  fuel  was  structured  to  evaluate 
cold-day  ground  starting  characteristics.  The  test  point  schedule  is  shown 
in  Table  16.  The  airflow  rate  (1.15  kg/s)  and  combustor  Inlet  pressure 
(101  kPa)  were  sat  to  simulate  typical  engine  ground  starting  conditions 
(2500  rpm) .  Fuel  and  air  temperature  were  lowered  from  ambient  to  239  K 
minimum  (JP-S  freeze  point)  In  steps  to  simulate  progressively  colder  days. 

At  each  temperature  step,  minimum  Ignition  and  lean  blowout  fuel  flow  rates 
were  determined.  The  test  sequence  was  as  follows; 

1)  With  inlet  conditions  set,  energize  the  ignitor  and  slowly  open 
the  fuel  control  valve  until  llghtoff  Is  obtained.  Record  light- 
off  fuel  flow  rate.  Deenergise  Ignitor. 

2)  Slowly  decrease  fuel  flow  rate  to  blowout.  Record  lean  blowout 
fuel  flow  rate. 

3)  Decrease  fuel  and  air  Inlet  temperatures  In  5  to  8  K  increments 
and  repeat  Steps  1  and  2. 

When  the  minimum  temperature  limit  was  established,  the  second  portion  of 
the  teat,  altitude  relight,  waa  begun. 
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The  second  portion  of  the  test  with  each  fuel  was  structured  to 
evaluate  altitude  relight  and  stability  characteristics.  The  test  schedule 
is  also  shown  In  Table  16.  Investigations  were  carried  out  at  four  airflow 
rates  (0.91,  1.36,  2.27  and  3.18  kg/s)  selected  to  span  the  FIOl  engine 
altitude  relight  requirement  map  (Figures  13  and  14) .  Air  temperature  waf^ 
selected  from  the  wlndmllling  data  and  ranged  from  230  K  to  ambient .  Fuel 
temperature  was  matched  to  the  air  temperature.  The  test  sequence  was 
structured  to  determine: 

1)  The  maximum  relight  and  blowout  pressure  altitudes  with  current 
engine  minimum  fuel  flow  rates  (37.8  g/s  -  engine  ■  5.67  g/s  - 
sector) . 

2)  The  minimum  relight  and  lean  blowout  fuel  flow  rates  at  the  relight 
altltudas  determined  In  (1) . 

The  test  sequence  was  as  follows: 

1^  With  altitude  conditions  set,  unerg-lze  the  Ignitor,  set  fuel  flow 
rate  at  5.67  g/s,  then  increase  combustor  Inlet  pressure  (decreasing 
altitude  and  flight  Mach  number)  until  Ignit ■  m  occurs.  Deenergize 
the  Ignitor  and  record  maximum  relight  altitude  conditions. 

2)  With  fuel  flow  rate  at  5.67  g/s,  slowly  reduce  combucLor  Inlet  pres¬ 
sure  until  blowout  occurs.  Record  maximum  pressurr*  altitude  blowout 
conditions. 

3)  Reestablish  conditions  of  sequence  //I.  Energize  ignitor  and  Increase 
fuel  flow  until  iightoff.  Deenergi.a  Ignitor  and  record  minimum 
llghtoff  fuel  flow  rate  at  maximum  relight  altitude. 

4)  Slowly  decrease  fuel  flow  rate  until  blowout,  record  lean  blowout 
fuel  flow  rate  at  maximum  relight  altitude  conditions. 

5)  Repeat  Steps  1  through  4  at  each  airflow  setting. 

D .  Fuel  Nozzle  Fouling  Tests 

1 .  Short-Time  Fuel  Nozzle  Fouling  Tests 

Tests  with  each  of  the  fuels  were  conducted  to  determlnt’  the  rol.Ulve 
tendency  to  cause  fuel  nozzle  malfunction.  Previous  experience  with  the 
KlOl  fuel  norzle  operating  with  hot  fuel  has  shown  th.it  the  part  most 
affected  by  fuel  deposits  Is  the  flow  metering  valve,  whiih  lias  extrenii'ly 
small  clearances.  Deposits  that  form  in  these  clear.mcos  can  inenaf  u 
the  hysteresis  of  the  valve  action  after  some  period  i-f  operation  with  liot 
fuel.  Since  operation  of  the  nozzle  In  actual  service  has  not  revealed 
significant  problems,  it  was  anticipated  th.nt  fuel  temperatures  would  need 
to  be  higher  than  those  encountered  in  .actual  service  to  proiluce  sign  I  I  Ir  int 
fouling  in  the  short  test  times  planned. 
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The  teste  were  conducted  In  the  Building  304-1/2  Combustion  Laboratory 
using  the  test  rig  shown  in  Figure  29.  In  this  setup,  hot  fuel  Is  pumped 
through  the  fuel  nozsle  which  is  immersed  in  a  high  velocity  hot  gas  stream. 
Initially  selected  test  conditions  were: 


Gas  Temperature  811  K 

Gas  Velocity  at  Fuel  Nozzle  Stem  304  m/s 

Gas  Pressure  Drop  Across  Fuel  Nozzle  Air  Shroud  13.8  “  20.7  kPa 

Fuel  Flow  Rate  5.04  g/s 

Fuel  Temperature  436  K 

Run  Time 

Between  Calibrations  100  minutes 

Total  300  minutes 


After  each  100  minutes  of  operation,  the  rig  was  shut  down,  allowed 
to  cool,  and  the  nozzle  removed  for  recallbratlon  in  the  Nozzle  Lab. 

The  fuel  temperature  was  increased  to  478  K  after  the  second  test 
because  no  significant  fouling  had  been  observed  after  the  runs  with  fuel 
temperature  of  436  K. 


Long-Time  Fuel  Valve  Gumming  Teats 


Since  the  short  term  fouling  tests  did  not  show  significant  nozzle 
malfunction  even  at  the  abnormal  high  fuel  temperature  of  478  K,  it  was 
suggested  that  meaningful  results  might  require  up  to  100  hours  of  test  time. 
This  was  based  on  the  results  of  many  General  Electric  tests  with  FlOl  fuel 
injectors  wherein  partial  seizure  of  the  valves  usually  occurred  somewhere 
between  60  and  120  hours,  using  fuel  at  around  419  to  436  K. 


The  scope  of  the  program  was,  therefore,  increased  to  Include  a  series 
of  long-time  cyclic  testa  of  FlOl  fuel  metering  valves.  Since  these  valves 
are  the  most  susceptible  part  of  the  nozzles  to  fuel  gumming,  this  was 
considered  more  economical,  and  Just  as  meaningful,  as  tests  of  complete 
nozzles . 


Each  test  was  scheduled  to  run  100  hours  unless  complete  seizure 
occurred  earlier.  The  test  cycle  consisted  of 

20  minutes  at  63  g/s 
90  minutes  at  18.9  g/s 
10  minutes  at  10.7  g/s 


This  cycle  is  in  accordance  with  most  recent  practice.  The  test  schematic 
is  shown  In  Figure  30.  One  significant  change  to  the  test  setup  was  that 
two  FlOl  fuel  nozzle  metering  valves  were  Installed  In  series,  and  tested 
simultaneously.  This  had  never  been  done  before,  and  might  yield  duplicate 
data  at  virtually  no  extra  cost.  If  the  concept  did  not  prove  valid,  no 
loss  In  validity  of  the  single  nozzle  data  would  result. 
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Figure  29.  Fuel  Nozzle  Fooling  Test  Setup. 


The  three  tests  were  scheduled  at  the  following  conditions: 


Test 

Fuel 

Fuel 

Number 

„IyjLe 

Temoerature.  K 

1 

JP-4 

436 

2 

JP-8 

436 

3 

JP-8 

494 

The  first  two  tests  were  Intended  to  provide  a  direct  comparison  of 
the  JP-4  with  the  JP-8  fuel.  The  third  test  was  intended  to  provide  a 
direct  comparison  of  the  performance  of  JP-S  at  two  temperatures  differing 
by  58  K.  This  temperature  difference  was  selected  to  approximate  the  dif¬ 
ference  In  breakpoint  temperature  between  the  JP-4  and  the  JP-8  by  the  labo¬ 
ratory  fuel  thermal  stability  tests. 

In  an  attempt  to  achieve  meaningful  results •  eight  tests  were  actually 
run,  since  the  three  originally  scheduled  did  not  reach  definitive  end  points, 
and  since  fuel  was  available.  This  series  demonstrated  the  difficulty  of 
attempting  to  estimate  component  performance  at  fuel  temperatures  beyond 
those  normally  encountered  in  engine  use. 

E.  Teat  Fuel  Handling  Procedures 

Special  procedures  were  followed  in  all  of  the  tests  to  insure  that  the 
test  fuels  were  not  contaminated  or  mistakenly  identified.  Hand  valves  were 
Installed  in  the  fuel  lines  near  each  of  the  test  rigs  for  obtaining  fuel 
samples  while  a  test  was  in  progress. 

The  fuels  were  delivered  in  tank  trailers,  as  needed,  and  transferred 
into  three  isolated,  underground  storage  tanka  of  40  m^  capacity  each.  These 
tanks  had  previously  contained  only  clean,  light  distillates.  Nevertheless, 
to  assure  their  suitability  for  this  program,  they  were  first  emptied  as  far 
AS  possible,  using  the  permanently-installed  unloading  pumps.  The  manhole 
covers  were  then  removed,  and  the  few  inches  of  remaining  liquid  were  pumped 
out,  using  a  portable  pump.  The  tanks  were  then  Inspected  and  found  to  be 
in  good  condition,  with  only  a  light,  adherent  coating  of  rust  on  all  inter¬ 
ior  surfaces.  These  surfaces  were  washed  down  with  a  small  quantity  of  the 
next  test  fuel,  and  this  was  then  removed  with  the  portable  pump.  After 
replacing  each  manhole  cover,  the  test  fuel  was  transferred  into  the  tank, 
and  a  sign  identifying  the  test  fuel  was  placed  on  the  switch  controlling 
the  tank  unloading  pump.  This  procedure  was  repeated  for  each  of  the  first 
12  test  fuels.  The  thirteenth  test  fuel,  the  diesel,  was  handled  in  a 
similar  manner  except  that  it  was  stored  in  a  tank  trailer  parked  near  the 
underground  storage  tanks.  For  the  full-annular  combustor  tests,  fuels 
were  pumped  directly  from  these  tanks  to  the  teat  rig. 

As  fuel  was  needed  for  the  other  tests,  it  was  transferred  from  the 
appropriate  tank,  using  a  4  m^  stainless  steel  tank  trailer.  This  tank  also 
was  drained  and  flushed  with  the  next  test  fuel  before  being  loaded.  After 
filling,  it  was  marked  with  the  proper  fuel  number,  hauled  to  the  test  site, 
and  parked  adjacent  to  the  test  cell.  The  tank  drain  valve  was  connected 
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directly  to  the  cell  system  by  a  flexible  hose,  after  flushing  the  hose  with 
a  suitable  volume  of  test  fuel. 

In  each  of  the  testa,  the  fuel  sampling  procedure  consisted  of  drawing 
a  sample  Just  before  the  first  data  point  was  taken  and  again  after  the  last 
data  point  was  taken.  In  each  case,  the  sample  container  was  rinsed  twice 
with  a  small  portion  of  the  fuel  being  sampled,  before  actually  taking  the 
sample. 

Similar  sampling  procedures  were  followed  In  both  the  altitude  relight 
and  the  fuel  nozele  fouling  tests.  For  both  of  these  tests,  fuel  was  trans¬ 
ferred  from  the  trailer  to  clean  drums  which  were  clearly  marked  and  moved 
to  the  test  sites.  These  drums  were  In  good  condition  and  had  previously 
contained  only  clean  materials,  such  as  calibrating  fluid.  Before  filling, 
they  were  drained.  Inspected,  and  rinsed  with  the  next  test  fuel. 

Pre-test  samples  taken  at  the  test  sites  were  returned  to  Wrlght- 
Patterson  Air  Force  Base  for  verification  of  significant  characteristics, 
to  determine  whether  fuel  quality  had  been  compromised  during  storage  or 
handling  at  the  several  test  sites.  Analyses  Included  density,  viscosity, 
surface  tension,  and  vapor  pressure.  These  analyses  were  performed  by 
Monsanto  Research  Corporation. 

A  compilation  of  these  data  is  shown  on  Table  17.  From  a  comparison 
of  the  properties  of  the  original  samples  with  those  of  samples  returned 
from  the  several  test  sites,  it  is  apparent  that  no  significant  change  In 
fuel  properties  occurred.  Therefore,  It  was  concluded  that  fuel  handling 
procedures  were  satisfactory,  and  analysis  of  samples  of  the  remaining 
test  fuels  was  considered  unwarranted. 

F.  Data  Analysis  Procedures 

Generally  standard  data  reduction  and  presentation  techniques  were 
employed.  Key  parameters  and  calculation  procedures  are  indicated  in 
Table  11  and  Appendix  A.  Some  additional  special  procedures  are  described 
In  the  following  sections. 

1.  Fuel  Property  Correlation  Procedures 

Analyses  of  the  experimental  test  results  were  conducted  to:  (1) 
correlate  the  performance  and  emission  parameters  with  combustor  operating 
conditions;  (2)  as  appropriate,  correct  the  measured  rig  data  to  true 
standard  day  engine  conditions;  and,  (3)  correlate  the  corrected  dntn  with 
the  appropriate  fuel  properties  from  Section  III.  To  Illustrate  the  prore- 
dure,  the  NO^  emission  data  procedure  Is  outlined  below. 

Inspection  of  the  NO^  emission  data  for  the  first  high  pressure  test 
(JP-4  fuel.  Figure  39)  showed  that  as  in  Reference  6  the  data  were  of  the 
form: 
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where  the  combuetor  operating  paranetere  (V^,  F3,  Ta  and  h)  have  been 
normallied  to  atandard  day  operating  condltione  at  takeoff.  A  very  good 
correlation  wee  obtained  (Figure  39)  uaing  valuea  for  k2  and  [9(f)] 
determined  from  previoua  FlOl  rig  and  engine  testa  to  bes 


kj  -  0.37 
k2  -  191.7  K 

9(f)  -  0.325  +  0.945  (f/14.0)  when 

-  1.648  -  0.648  (f/14.0)  when 

■  1.00  when 


(6) 

<7) 

f  g  14.0  g/kg 

(8a) 

14.0  <  f  £  24.0  g/kg 

(8b) 

f  1  24.0 

(8c) 

Additional  analyaea  then  ehowed  that  ko  was  fuel  dependent  but  k^i  k2  and 
9(f)  were  not  fuel  dependent.  The  NOx  aeverity  operating  parameter  was  then 
taken  to  be: 


NO, 


(9) 


which  ia  tabulated  in  Table  A**!,  and  waa  used  to  calculate  NO^  eniaaion 
levela  at  true  atandard  day  engine  operating  conditiona  (Table’^A-Sa) ,  using 
multiple  regrebaiun  curve-fit  techniquea,  as  illuatrated  in  Figure  39. 

Engine  emiaaion  levels  were  then  tabulated  (Table  20,  for  example)  and 
plotted  against  appropriate  fuel  properties  (Figures  40  and  41,  for  example). 
Equations  for  the  effect  of  fuel  hydrogen  content  on  NO  emissions  shown  in 
Figure  40  are  the  result  of  regression  analyses  (Table  A-5b) ,  and  show,  for 
example,  that 

/  u  \-0.86 

^^NOjj  (to) 

Smoke  omission  data  were  correlated  in  a  similar  manner.  The  data 
for  fuel  Number  2  (JF'8)  correlates  well  with  engine  test  data  using  very 
similar  JP-5  fuel,  see  Figure  42,  for  example,  when  the  appropriate  severity 
parameter  was  used.  This  parameter  has  been  derived  from  engine  tests.  In 
this  case: 

•  [(2:m)(2fe)(^)]  (itfli)’  <“> 


Use  of  this  parameter  thus  enables  the  takeoff  and  dash  rig  data  to  be 
corrected  to  engine  conditions  (Table  A-6) . 


2 .  Combustor  Life  Prediction  Procedures 


The  FlOl  combustor  liner  is  life-limited  by  low  cycle  fatigue  from 
thermal  gradients  where  the  coolest  regions  are  on  the  cold  side  of  the  film 
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cooling  slots  and  the  hottest  region  in  Just  upstream  of  the  ooolinp  sUn 
structure.  The  liner  has  been  life  optimized  both  In  its  cooling  flow 
distribution  and  in  the  metal  thickness  distribution. 

In  its  initial  design  and  throughout  its  development,  the  liner  temper¬ 
atures  ,  stresses,  and  life  have  been  calculated  with  detailed  computer 
analyses,  with  adjustments  to  the  heat  transfer  inputs  as  test  data  identified 
the  magnitude  of  spoclfic  contributors  to  the  liner  heating.  Referring  to 
Figure  31,  the  combustor  is  heated  by  convection  and  radiation  from  the  hot 
combustion  gases.  These  gases  are  hottest  in  the  upstream  end  of  the.  burner 
and  drop  toward  the  exit  temperature  as  the  air  entering  through  the  dilution 
holes  mixes  and  cools  the  gas.  The  local  gas  velocities  and  temperatures 
are  calculated  by  computer  program  based  on  the  air  distribution,  and  these 
values  are  then  modified  as  indicated  by  subsequent  combustor  test  data.  The 
combustor  liner  is  protected  by  the  film  air  introduced  through  the  film 
cooling  slot.  The  rate  at  which  the  hot  combustor  gases  mix  through  this 
protective  film  has  been  established  from  laboratory  test  data  and  combustor 
experience  for  the  various  specific  film  slots  throughout  the  liner.  Ad¬ 
ditional  Inputs  to  Che  heat  transfer  calculation  include  the  flame  radiation 
heating,  metal  radiation  cooling,  the  convective  cooling  rates  on  the  cold 
side  of  the  liner,  and  the  impingement  cooling  rate  on  the  cooling  slot  over¬ 
hang.  The  flame  radiation  being  the  least  well-defined  from  other  data  can 
be  determined  by  back  calculation  from  measured  metal  temperatures.  With 
the  aid  of  a  computer  program  to  calculate  the  thermal  conduction  through 
the  metal  structure,  the  above  heat  transfer  inputs  or  correlations  are  used 
to  calculate  the  detailed  temperature  distribution  within  the  combustor  liner. 
These  temperatures  are  then  used  as  input  to  a  stress  analysis  program  to¬ 
gether  with  Inputs  for  mechanical  and  aerodynamic  loads,  which  then  calculates 
the  elastic  stresses  throughout  the  structure.  These  stresses  are  then  used 
together  with  low  cycle  fatigue  material  properties  (Figure  32)  to  predict 
life  to  first  cracking,  with  an  appropriate  multiplier  from  experience  to 
determine  total  life. 

3.  Turbine  Life  Prediction  Procedures 


If  alternate  fuels  created  substantial  changes  in  temperature  pottern 
factor  or  temperature  profile  in  the  combustor  exit  gases,  changes  in  turbine 
component  life  would  be  predicted.  However,  previous  experience  has  not 
identified  changes  in  these  combustor  exit  temperature  patterns  at  the  full 
power  conditions  where  combustor  life  is  limited.  As  discussed  in  Section 
VI. A. 3.,  the  temperature  pattern  changes  that  were  measured  in  the  combustor 
exit  gases  at  one-atmosphere  pressure  apparently  do  not  exist  at  true  engine 
pressure  conditions. 

However,  in  addition  to  the  effects  of  combustor  exit  gas  temperature, 
the  same  luminous  flame  radiation  that  affects  the  combustor  liner  can  also 
radiate  downstream  into  the  turbine  components.  The  leading  edge  of  the 
stator  vanes  ii  the  turbine  diaphragm  receives  the  most  radiation.  The 
turbine  blades  are  shielded  from  direct  radiation  from  the  flame  and  are, 
therefore,  not  affected;  the  combustor  exit  gas  radiation  and  gases  passing 
through  the  turbine  are  not  believed  to  have  the  luminous  component  in  their 
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radiation  that  exlsta  In  the  dome  region. 

From  previous  data  in  combustors  other  than  the  FlOl  including  the 
J79  and  the  CF6,  it  has  been  observed  that  fuel  changes  that  create  metal 
temperature  changes  from  flame  luminosity  in  the  front  end  of  the  combustor 
do  not  also  result  in  metal  temperature  changes  at  the  aft  end  of  the  com¬ 
bustor.  The  intense  luminosity  exists  in  the  regions  where  the  combustion 
of  the  fuel  is  caking  place*  resulting  in  intermediate  combustion  products, 
but  not  in  the  downstream  regions  where  the  combustion  is  complete  and  only 
dilution  and  mixing  are  taking  place. 

Liner  metal  temperatures  can  respond  to  luminosity  even  in  the  portion 
of  the  liner  downstream  of  the  end  of  the  luminous  region  because  the  matal 
still  has  a  partial  view  upstream  into  the  dome.  The  cooler  intervening 
gases  do  not  completely  shield  the  liner  from  the  upstream  luminous  radiation. 
These  intervening  gases  absorb  heavily  in  the  nonluminous  wavelength  bands 
for  water  vapor  and  carbon  dioxide  and  essentially  shield  the  downstream  parts 
from  upstream  radiation  in  these  wavelength  bands.  The  luminous  components 
of  the  dome  radiation*  however*  include  radiation  in  wavelength  regions  that 
are  not  easily  absorbed  by  the  intervening  gases.  It  is  largely  this  latter 
component  of  the  radiation  chat  reaches  the  aft  liner  and  vane  leading  edge. 

However,  far  downstream  on  the  liner  the  view  factor  to  the  luminous 
region  (the  fraction  of  the  effective  radiating  space  to  the  metal  surface 
that  is  coming  from  the  luminous  region)  gets  quite  small  and  the  effects 
of  the  luminous  region  become  negligible  at  the  aft  end  of  the  J79  and  CF6 
combustors.  The  FlOl  combustor  is,  however*  a  very  short  combustor  and  the 
luminous  region  is  close  to  the  end  of  the  combustor.  Not  only  might  the 
aft  liner  panels  be  affected  but  also  the  vane  leading  edge. 

The  view  factor  from  the  FlOl  vane  leading  edge  to  the  luminous  fire 
is  higher  than  in*  for  example  a  J79  combustor,  both  because  the  combustor 
is  shorter  and  because  the  combustor  is  annular.  A  much  wider  view  around 
Che  circumference  is  present  because  it  is  not  interrupted  by  the  sides  of 
can  liners. 

In  addition  to  this  direct  radiation  effect  from  the  luminous  region 
to  the  vane*  a  leas  direct  effect  of  dome  luminous  flame  radiation  also 
exists.  If  the  combustor  liner  metal  temperatures  at  the  end  of  the 
combustor  are  affected  by  this  luminosity,  they  In  turn  will  radiate  at 
a  different  rate  to  the  vane  leading  edge.  This  effect  is,  however,  much 
smaller  than  the  direct  radiation  effect,  generally  less  than  10  percent 
of  the  direct  radiation  effect. 

At  the  present  state  of  development*  the  FlOl  stator  vane  is  life— 
limited  primarily  by  low  cycle  fatigue  cr-'icking  of  the  tr.alHng  end  of  the 
vane.  This  region  is  not  affected  by  combustoi  luminosity  rndlatton.  How¬ 
ever,  as  this  region  is  improved  through  further  development,  cracking  .tt 
the  leading  edge  could  become  life-limiting,  and  hence,  affected  by  fuel 
type.  The  vane  could  then  be  reoptimized  In  development  for  the  specific 
fuel  type  expected  In  operation  with  some  Increase  In  cooling  flow  or 
cooling  complexity  needed  for  the  most  difficult  fuel  type. 
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Even  though  the  leading  edge  Is  not  the  prlmery  llfe-lltnltlng  region 
of  the  Btator  vane,  the  effect  of  fuel  type  on  low  cycle  fatigue  of  the 
leading  edge  wae  calculated.  Thla  waa  done  to  Illustrate  the  potential  life 
effects  for  future  vanes  with  Improved  trailing  edge  designs  where  the 
leading  edge  life  becomes  a  significant  contributor  to  the  overall  vane  life. 

The  same  steps  used  In  calculating  combustor  liner  life  are  used  in 
calculating  vane  life.  First  a  detailed  metal  temperature  distribution  Is 
calculated  by  computer  program  using  appropriate  heat  transfer  Inputs.  Then» 
stresses  are  calculated  from  this  temperature  distribution.  Cycles  to  low 
cycle  fatigue  cracking  are  Chen  calculated  from  thase  stresses. 

Figure  33  shows  the  node  model  used  for  the  latest  design  of  the  FlOl 
turbine  stator  vanes. 
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SECTION  VI 


RESULTS  AND  DISCUSSION 


All  planned  test  series  (76  total)  were  completed  and  no  major  problems  were 
encountered.  In  general,  results  were  well  ordered  and  consistent  with  prior  data 
Insofar  as  comparisons  could  be  made.  Detailed  test  results,  which  are  listed  In 
Appendices  A  through  E,  are  summarized  and  discussed  In  Section  VI. A.  Engine 
system  life  prediction  analyses  based  on  these  results  are  then  presented  In  Section 
VI. B.  further,  an  overall  assessment  of  these  tests  and  analyses  Is  presented  In 
Section  VX.C 

A.  Experimental  Test  Results 

Twenty-six  full-annular  rig  tests  were  conducted  to  obtain  the  performance 
emlsslons/durablllty  data  which  are  listed  in  Appendix  A  and  summarized  In  Sections 
VI. A. I  through  VI. A. 5.  Thirteen  carbon  deposition  tests  were  also  conducted  and 
results  are  listed  In  Appendix  B  and  discussed  in  Section  VI .A. 6.  Fourteen  low- 
pressure  rig  tests  were  conducted  In  parallel  to  obtain  the  ground  start  and 
altitude  relight  data  which  are  listed  In  Appendix  C  and  summarized  In  Sections 
VI. A. 7  and  VI. A. 8.  Also  in  parallel,  15  short-term  fuel  nozzle  fouling  tests  and 
8  long-term  fuel  nozzle  valve  gumming  tests  were  conducted  to  obtain  the  data 
listed  in  Appendix  D  and  summarized  In  Section  VI. A. 9  and  VI. A. 10. 

1.  CO  and  HC  Emissions 


Carbon  monoxide  (CO)  and  unburned  hydrocarbons  (HC)  are  both  products  of 
Incomplete  combustion,  and  are,  therefore,  generally  highest  at  low  power  operat¬ 
ing  conditions  (Idle).  Figure  3A  shows  the  strong  effect  of  combustor  operating 
conditions  (fuel-air  ratio)  on  CO  emission  levels  with  three  fuels  at  Idle.  At 
the  true  engine  Idle  fuel-air  ratio,  the  CO  emission  Index  Is  28.7  g/kg  with  JP-4 
fuel  in  these  tests  which  is  in  good  agreement  with  previous  rig  and  engine 
measurements. 

Idle  CO  emission  results  very  similar  to  those  shown  in  Figure  34  were  obtained 
with  each  of  the  other  fuels,  and  the  results  corrected  to  true  Idle  fuel-air  ratio 
are  listed  In  Table  18  and  A-3. 

Table  18  also  summarizes  cruise,  takeoff,  and  dash  results.  True  engine  take¬ 
off  and  dash  CO  emlsslone  have  been  corrected  for  pressure  as  shown  In  Table  A-4 
using  an  exponent  (1.5)  estimated  from  previous  tig  and  engine  test  data  comparisons. 
At  cruise,  takeoff  and  dash  operating  conditions,  the  CO  emission  levels  are 
approximately  7,  2,  and  1  percent,  respectively,  of  the  idle  CO  emission  level, 
which  indicates  the  strong  effect  of  combustor  Inlet  temperature  and  pressure  on 
combustion  reaction  rates  and,  hence,  combustion  efficiency  and  CO  emission  levels. 
These  CO  levels  are  very  low  and  virtually  independent  of  any  fuel  property. 

Figure  35  shows  idle  CO  data  plotted  against  relative  spray  droplet  size  (from 
Table  9)  or  fuel  10  percent  recovery  temperature  (from  Table  3),  which  is  one  of 
the  more  commonly  used  Indicators  of  fuel  volatility.  It  appears  that  either  of 
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Figure  34.  Effect  of  Fuel-Air  Ratio  on  Idle 
CO  Emission  Levels. 


Fuel  10  Percent  Recovery  Temperature,  K  (Obb  Chromatograph  Simulated 
Distillation) 


Figure  35.  Effect  of  Fuel  Atomization  and  Volatility  on  Idle  CO 
Emlselon  Levels. 
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these  parameters  correlates  the  Idle  CO  data  quite  well.  Both  of  these  properties 
can  be  expected  to  affect  idle  emissions,  but  for  these  tests.  It  Is  difficult  to 
judge  which  property  Is  most  Important  since,  for  these  fuels  at  least,  they  turn 
out  to  be  highly  Interrelated.  There  Is  some  Indication  In  Figure  35  that  for  the 
JP-8  based  fuels,  the  drop  size  parameter  better  correlates  the  results  than  does 
the  volatility  parameter. 

Hydrocarbon  emission  levels  generally  have  been  found  to  follow  the  sane 
trends  as  do  CO  emissions,  but  to  be  more  sensitive  to  combustor  operating  conditions 
and  exhibit  more  variability.  Both  of  these  trends  were  observed  in  the  present 
tests  and  are  illustrated  in  Figure  36,  where  HC  emission  levels  are  plotted 
against  CO  emission  levels  for  the  two  Idle  test  points  and  all  fuels. 

Figure  37  presents  the  idle  HC  emission  versus  fuel-air  ratio  for  the  three 
base  fuels.  As  with  the  CO  emission,  a  strong  fuel-air  ratio  effect  is  evident. 

Idle  HC  emission  was  therefore  adjusted  to  the  true  engine  fuel-air  ratio  as  shown 
in  Table  A-3.  These  results  are  summarized  In  Table  19.  For  all  fuels,  HC 
emissions  at  cruise,  takeoff  and  dash  were  essentially  zero  and  too  low  to  measure. 

Figure  38  presents  the  idle  HC  emission  plotted  against  the  spray  drop  size 
and  volatility  parameters.  As  with  the  CO  emissions,  a  good  correlation  Is 
evident  for  both  parameters.  These  plots  show  a  150  percent  Increase  In  HC  emissions 
for  the  worst  fuel  (Mo.  2  diesel)  compared  to  the  JP-4  fuel. 

2.  NOy  Emissions 

Oxides  of  nitrogen  (NOx)  may  form  from  oxidation  of  nitrogen  which  originated 
either  In  the  air  or  In  the  fuel.  Current  jet  engine  fuels  and  all  of  the  fuels 
used  in  this  program  contained  negligible  amounts  of  bound  nitrogen,  but  In  the 
future,  alternate  sources  and/or  processing  economics  may  result  in  significant 
quantities  of  bound  nitrogen  In  aircraft  fuels.  The  following  discussion  la, 
therefore,  applicable  only  to  the  "thermal"  NOx  production  characteristics  of 
current  and  advanced  fuels.  Fuels  containing  significant  quantities  of  bound 
nitrogen  have  been  investigated  In  other  programs,  and  typical  results  are 
contained  In  References  8,  9  and  10. 

In  contrast  to  CO  and  HC  which  are  products  of  Incomplete  combustion  and  are, 
therefore,  generally  significant  only  at  low  power  conditions,  "thermal"  NOjj  is 
an  equilibrium  product  of  high  temperature  combustion  and  is  therefore  highest 
at  high  power  operating  conditions.  Figure  39  shows  the  strong  effect  of  combustor 
operating  conditions  on  NOx  emission  levels  with  JP-4  and  JP-B  fuels.  The  data 
for  both  fuels  correlates  very  well  with  a  combustor  operating  parameter  (Sfjox) 
developed  for  several  General  Electric  "rich-dome"  combustors,  and  shows  the 
significant  effects  of  inlet  pressure,  temperature,  humidity,  velocity  and  fuel- 
air  ratio.  At  takeoff  conditions,  the  NOy  emission  Index  Is  about  26  g/kg  which 
is  in  very  good  agreement  with  previous  engine  and  rig  test  results.  At  dash, 
cruise  and  idle  operating  conditions,  the  NOx  levels  are  approximately  117,  35, 
and  12  percent,  respectively,  of  the  takeoff  NOx  level. 

NOjj  results  very  similar  to  those  shown  In  Figure  39  were  obtained  in  each 
of  the  tests  and  results  are  summarized  in  Table  20.  The  effect  of  fuel  properties 
are  Illustrated  in  Figure  40.  At  each  of  the  operating  conditions,  NOx  levels 
correlate  very  well  with  fuel  hydrogen  content,  and  appear  to  be  independent  of 
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HC  Emission  Index,  g/kg 


Figure  39.  Effect  of  Operating  Conditions  cm  NOx  Emission  Levels 


Table  20.  Sununary  of  Emission  Teat  Results. 


(1)  Corrected  to  ambient  humidity  of  6.3  g/kg 
and  true  standard  day  engine  conditions. 

Estimated  (Span  calibration  drifted 
approximately  10%). 
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NOx  Emission  Index  Corrected  to  Standard  Day 
Engine  Operating  Conditions,  g/kg 


QtMr  fuel  effects.  This  dependence  on  fuel  hydrogen  content  can  be  predicted 
qualitatively  at  leant,  from  the  flame  temperatures  dependence  on  fuel  hydrogen 
content  and.  In  turn,  the  effect  of  flame  temperature  on  NOx  formation  rates  in 
diffusion  flame  processes.  Figure  41  shows  tha  effect  of  flame  temperature  (from 
Table  9)  on  the  NOx  emission  levels  at  takeoft. 

3 .  Smoke  Emissions 


Smoke,  like  CO  and  I1C,  is  a  product  of  incomplete  combustion*  Combustors  with 
virtually  100  percent  combustion  efficiency  can  produce  highly  visible  exhaust 
plumes,  because  the  soot  particle  sizes  are  of  the  same  order  of  magnitude  as  the 
visible  light  wavelengths.  As  described  in  Section  IV,  the  FlOl  engine  condiustlon 
system  has  been  designed  to  produce  very  low  smoke  levels,  and  these  tests  provide 
further  verification  that  the  design  Intent  has  been  achieved. 

Combustor  exit  plane  smoke  measurements  were  obtained  In  each  of  the  high 
pressure  combustor  rig  tests  with  each  of  the  fuels  and  operating  conditions. 

These  data  were  then  processed  as  described  in  Section  V.F.l  to  correct  the  data 
from  rig  to  full  dens icy /mixed-flow  turbofan  engine  exhaust  plane  conditions. 

Figure  42  Illustrates  the  effects  of  combustor  operating  conditions  on  smoke  levels, 
and  also  the  good  correlation  between  test  rig  and  engine  smoke  data  for  this 
combustion  system.  AC  true  FlOl  engine  mixed  flow  exhaust  nozzle  conditions, 
smoxe  levels  with  JP-5  or  JP-8  fuel  at  idle,  cruise,  takeoff  and  dash  conditions 
are  approximately  0.4,  1.7,  2.9,  euad  3.2,  respectively,  which  are  on  Che  threshold 
of  smoke  measurement  system  accuracy. 

Rig  smoke  results  very  similar  to  that  included  in  Figure  42  were  obtained 
with  each  of  Che  fuels  in  this  program,  and  are  listed  in  Appendix  A.  A  sumnary 
of  smoke  levels  corrected  to  true  engine  conditions  are  presented  in  Table  21. 

Also  included  in  Table  21  are  smoke  emission  indices  (grams  carbon/kilogram  of 
fuel)  computed  from  the  smoke  numbers  according  to  the  procedure  described  in 
Appendix  E. 

Effects  of  fuel  properties  are  illustrated  in  Figure  43.  At  each  engine 
combustor  operating  condition,  smoke  levels  decrease  with  fuel  hydrogen  content, 
but  no  effect  of  fuel  volatility  or  aromatic  type  (mono  or  bicycllc)  is  evident. 

The  FlOl  engine  exhaust  smoke  levels  would  be  expected  to  be  well  below  the 
visible  threshold  with  any  of  these  fuels. 

4.  Liner  Temperature 

Liner  temperature  measurements  were  obtained  in  the  high  pressure  combustor 
tests  at  the  locations  described  in  Section  V.A.2,  and  detailed  data  are  listed 
in  Appendix  A.  Figure  44  shows  typical  variations  in  measured  liner  temperature 
rise  (Tl  -  T^) .  Peak  temperatures  always  occurred  on  the  outer  liner  third  panel 
and  either  at  the  18-degree  or  36-degree  CWALF  thermocouple  location.  Figure  45 
shows  typical  test  data  for  panel  3  outer  along  with  a  computer  estimate  of  the 
temperature  profile  along  the  panel.  Good  correlation  is  evident.  The  effect  of 
combustor  fuel-air  ratio  on  peak  inner  liner  temperatures  with  fuels  1  to  4  is 
shown  in  Figure  46.  Very  good  correlations  v*ere  obtained  with  all  13  fuels 
(Tabic  A-9) ,  and  results  are  summarized  in  Table  22. 


Figure  42.  Correlation  of  Coabuator  Rie  and  Engine  Saoke  Data, 
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Figure  43.  Effect  of  Fuel  Hydrogen  Content  on  Smoke 
Emission  Levels. 
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Peak  Liner  Tenperature  Bise 
(Outer  Liner  3rd  Panel) 
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Figure  46.  Effect  of  Operating  Conditions  on  Rig  Maximum  Liner 
Temperature  Rise. 
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Table  22.  Sunmary  of  Liner  Teaperatuie  Reaulte. 
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Table  22  eummarlzee  both  rig  and  predicted  engine  liner  temperatures. 

Engine  liner  temperature  rises  at  cruise  were  adjusted  by  16  K  due  to  backside 
cooling  differences  between  the  rig  and  engine.  In  the  engine  turbine  cooling 
air  provides  additional  backside  cooling.  The  adjustment  la  based  on  computer 
estimates  discussed  further  In  Section  VI. B.  At  takeoff  and  dash,  adjustments 
of  35  K  and  50  K  ware  made  to  the  rig  data.  These  corrections  Included  both 
backside  cooling  and  pressure  effects  and  were  again  estimated  using  the  computer 
analysis.  Peak  rig  liner  temperature  rise  as  a  function  of  fuel  hydrogon  content 
and  engine  power  level  is  shown  In  Figure  47.  At  takeoff  and  dash  conditions, 
strong  effects  of  hydrogen  content  are  shown,  but  at  cruise  the  effect  la  leas, 
and  at  Idle  slightly  reversed. 

Shown  In  Reference  9  is  the  dimennlonless  liner  temperature  parameter 
1(Tl,  mas  -  Tl,  max,  JP-4)W(Tl,  max,  JP-4  -  T3)  which  correlates  a  wide 
variety  of  data  Involving  rich  combustion  systems  with  pressure  atomizing 
fuel  injection  systems  designed  by  three  different  engine  manufacturers. 

As  shown  in  Figure  Ag,  the  current  data  indicate  less  sensitivity  to  fuel 
i,  hydrogen  content  than  do  the  data  for  the  older,  richer  dome  combustors. 

1  ^ •  Combustor  Exit  Profile  and  Pattsrn  Factor 

Combustor  exit  temparatura  distributions  ware  measured  In  atmospheric  dis¬ 
charge  combustor  rig  tests  as  described  In  Section  V.A.5.  This  atmospheric 
p  pressure  teet  technique  has  been  employed  extensively  at  General  Electric  to 

I  develop  the  excellent  temperature  profile  and  pattern  factor  characterletlce  of 

I  large  full  annular  combustion  ayotema.  In  general,  the  effects  of  combustor  inlet 

pressure  level  or  fuel  type  on  exit  temperature  distributions  have  been  thought  to 
be  small,  particularly  for  newer,  large  combustors.  Howevsr,  this  program  produced 
some  surprises  in  that  atmospheric  pressure  tests  clearly  showed  a  fuel  effect. 

Typical  combustor  exit  temperature  profiles  from  these  tests  are  shown  In 
Figure  49.  Data  for  two  fuels  (JP-4  and  JP-8)  are  included,  and  Cor  each  fuel 

repeat  traverse  data  are  Included  to  show  data  consistency.  The  average  profile 

Is  very  repeatable,  and  no  dlscernable  fuel  effect  Is  evident,  which  is  expected. 
The  peak  profiles,  however,  are  less  repeatable  and  a  fuel  effect  Is  evident, 
which  was  unexpected,  In  this  example,  the  pattern  factor  is  about  0.09  higher 
with  JP-8  fuel  than  with  JP-4  fuel.  Figure  50  showe  that  approximately  this  same 
pattern  factor  difference  waa  measured  at  all  test  conditions.  Results  very 
similar  to  those  shown  in  Figures  49  and  50  were  obtained  with  all  of  the  fuels, 
which  are  summarized  In  Table  23.  As  shown  In  Figure  51,  pattern  factor  levels 

correlate  quite  well  with  the  fuel  atomization  parameter. 

This  test  series  was  the  first  time  that  fuel  variations  had  been  Investigated 
in  the  FlOl  combustor  atmospheric  pressure  pattern  factor  test  rig,  but  fuel 
variations  had  been  pattern  factor  tested  many  times  In  other  combustor  rigs 
Including : 

1)  TF39/CF6  full-annular  combustor  rig  at  atmospheric  pressure. 

2)  J79  single  can  high  pressure  test  rig  (Reference  1). 

3)  T700  full-annular  combustor  rig  at  high  pressure. 

(Combustor  design  similar  to  FlOl) 
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Figure  47.  Effect  of  Fuel  Hydrogen  Content  on  Peak  Liner  Tempornture 
Rise. 


^  Liner  Tei^perature  paraneter 


Figure  48.  Effect  of  Fuel  Hydrogen  Content  on  Liner  Temperature 
Parameter  at  Cruise  Operating  Conditions. 
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23.  Summary  of  Pattern 
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Figure  51 •  Effect  of  Fuel  Spray  Droplet  Size  on  Pattern  Factor  In 
Atmospheric  Pressure  Test. 


A)  TF34  full-annular  combuator  rig  at  high  prataura. 

(Combuatoir  daalgn  similar  to  FlOl) 

No  fuel  effects  wars  datactad  In  any  of  thasa  othar  pattarn  factor  rig  tasts. 
Further t  all  of  thasa  anginas.  Including  tha  FlOl,  have  baan  run  with  JP-4  and 
JP-5  (Jat  A)  fual  and  no  fual  af facta  on  turblna  stator  vans  condition  have  baan 
detected.  Therefore,  It  la  concluded  that  tha  apparent  affect  of  fual  properties 
on  FlOl  pattern  factor  must  be  an  atmospheric  test  phenomenon  only  which  Is 
evident  because  of  the  high  loading  In  this  design  (high  space  rate  and  very  low 
length-to-helght  ratio) . 

A  posalble  explanation  for  the  apparent  effect  of  fuel  atomisation  on  pattern 
factor  only  In  atmospheric  pressure  testa  may  be  an  effect  of  air  density  on  spray 
droplet  else  in  addition  to  the  parameters  contained  in  Equation  4.  This 
correlation  (from  Reference  4)  presumably  dose  not  contain  an  air  density  term 
because  all  of  the  experiments  were  conducted  at  atmospheric  pressure,  as  have 
most  atomisation  studies.  However,  It  is  generally  concluded  that  droplet  sisea 
decrease  with  Increasing  air  density.  In  Reference  10,  several  droplet  slsa 
correlations  are  presented  which  Include  air  danalty  with  exponents  ranging 
from  -0.35  to  -1.00.  At  full  density  FlOl  engine  conditions  droplet  slses  may 
be  small  enough  with  both  JP-4  and  JF-5  fuels  that  pattern  factor  la  controlled 
by  other  parameters. 

6.  Carbon  Deposition 

As  discussed  In  Section  V.B,  high  pressure  combustor  tests  were  run  with 
procedures  established  to  provide  information  as  to  the  relative  carbon  deposition 
tendencies  of  each  fuel.  Each  test  began  with  a  clean  swlrlsr  and  combustor  dome, 
and  was  run  the  same  total  time  (5.25  hours).  At  the  completion  of  each  test, 
airflow  calibrations  of  the  swirlers  and  total  assembly  were  made  which  are 
presented  In  Table  B-1  and  summarised  In  Table  24.  Photographs,  which  are  Included 
In  Appendix  B,  were  also  made  to  document  the  carbon  deposition  tendencies.  No 
massive  deposits  were  found  In  any  of  the  tests,  and  as  shown  In  Figure  52,  no 
significant  flow  area  reduction  was  measured  with  any  of  the  fuels.  The  only 
distress  noted  In  this  teat  series  was  a  tendency  for  burning  of  the  trailing  edge 
of  the  flared  dome  extension  Insert  with  low  hydrogen  content  fuels.  The  need 
for  additional  cooling  In  this  region  had  previously  been  identified  and  has  been 
Incorporated  Into  newer  FlOl  combustor  dome  designs.  These  tests  suggest  that 
with  reduced  hydrogen  content  fuels  some  additional  cooling  may  be  required. 

7 .  Cold  Day  Ground  Starting  and  Idle  Stability 

Fifteen  cold  day  ground  start  tests  were  conducted  in  the  S4-degree  sector 
combustor  rig  using  procedures  described  In  Section  V.C.2.  Detsllad  test  results 
are  listed  In  Appendix  C,  and  typical  results  are  Illustrated  In  Figure  53.  In 
each  test,  2500  rpm  engine  motoring  conditions  were  simulated,  and  lean  llghtoff 
and  lean  blowout  limits  were  determined  as  a  function  of  ambient  (fuel  and  air) 
temperature  in  steps  from  test  cell  ambient  down  to  the  limit  or  to  239  K  (-30°  F) . 
As  shown  In  Figure  53,  llghtoff a  were  obtained  down  to  239  K  with  JF-4  fuel,  but 
the  required  fuel-air  ratio  Increased  significantly.  With  the  less  volatlle/more 
viscous  fuels,  cold  day  limits  were  encountered  above  239  K.  Results  for  all  fuels 
are  summarized  in  Table  25,  and  effects  of  fuel  atomization  and  volatility  on  the 
cold  day  limits  are  illustrated  In  Figure  54.  For  this  group  of  fuels,  these  two 
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Td>le  24.  Sumnary  of  Carbon  Deposition  Test  Reaulta 


Fuel 

Number 


Ae,  Posttest 

Ae,  clean 

Effective  Airflow 

Area  Ratio 

Primary 

Swlrler 

Total 

Assembly 

0.953 

0.970 

0.955 

0.955 

0.973 

0.965 

0.930 

0.976 

1.063 

0.981 

1.002 

0.977 

0.968 

0.934 

0.900 

0.972 

0.946 

0.980 

1.000 

0.994 

0.971 

1.003 

0.968 

0.978 

0.989 

0.960 

0.975 

0.973 

Flared  Dome 
Extenelon  Insert 
Bums 


msmi 


Tabic  25.  Summary  of  Ground  Start  Test  Reaulta. 


(1) 


Fuel 

Number 

Standard  Day 
(288.2  K) 

Fuel-Air  Ratio 

Limit »  g/kg 

Cold  Day  Limit 

Ambient  Temperaturct  K 

Lean 

Light-Off 

Lean 

Blowout 

1 

27 

19 

<239 

IR 

25 

16 

<239 

2 

34 

20 

266 

3 

35 

20 

279 

A 

40 

24 

272 

5 

34 

22 

267 

6 

37 

27 

268 

7 

39 

33 

278 

8 

38 

26 

260 

9 

41 

26 

256 

10 

43 

23 

273 

11 

36 

28 

244 

12 

29 

24 

<239 

13 

44 

30 

278 

IRR 

^.27 

^.20 

- 

Simulated  2500  rpm  Cranking  Conditions 
?j  «  101  kPa,  Wc  ■  1,15  kg/a  -  engine. 


*3  ■  ffu.!  ■  ■f" 

Wf  <  50.4  g/s  -  engine 


^4  1  g/liS' 


110 


Mioiaini  Aabient  Teaperature 
for  Iforaal  Ground  Start 


limits  are  Illustrated  In  Figure  S4.  For  this  group  of  fuels,  these  two  properties 
are  highly  correlated,  but  it  appears  that  the  cold  day  limit  correlates  somewhat 
better  with  the  atomisation  parameter.  No  effect  of  fuel  hydrogen  content  ot 
aromatic  type  la  evident. 

In  addition  to  the  cold  day  ground  start  tests,  altitude  rollght  tests  ware 
conducted  which  are  described  In  the  following  section,  and  llghtoff /stability  at 
simulated  Idle  operating  conditions  ware  measured  In  the  full-annular  combustor 
tests.  These  Idle  stability  data  are  summarized  In  Table  26.  In  contrast  to  the 
cold  day  start  data,  these  Idle  data  show  hardly  any  effects  of  fuel  properties, 
and  the  variations  are  attributed  merely  to  data  scatter. 

8.  Altitude  Relight 

Fourteen  altitude  relight  tests  were  conducted  In  the  54-degrea  sector 
combustor  rig  using  procedures  described  In  Section  V.C.2.  Detailed  results  are 
listed  In  Appendix  C,  and  trends  are  Illustrated  In  Figures  55  and  56.  Results 
are  summarized  In  Figure  57  and  Table  27. 

Overall,  as  expected,  very  good  altitude  relight  characteristics  were  found, 
and  fuel  effects  were  moderate.  In  Figure  55,  measured  minimum  combustor  inlet 
pressure  limits  for  relight  in  the  54-degree  sector  rig  are  compared  to  the  engine 
requirements  corresponding  to  both  open  end  closed  exhaust  nozzle  windmilling 
conditions.  Open  nozzle  conditions  were  generally  utilized  to  Increase  the  test 
severity,  but  the  normal  onglne  relight  mode  is  with  the  exhaust  nozzle  closed, 
which  increases  the  combustor  Inlst  pressure  making  conditions  more  fevorable  for 
relight.  As  shown  in  Figure  55,  the  sector  rig  pressure  limit  line  generally  lies 
between  the  two  engine  requirement  lines.  With  a  highly  volatile/low  viscosity 
fuel  (JP-4) ,  the  closed  nozzle  requirement  is  met  with  considerable  margin  at  the 
higher  airflow  rates  (flight  Mach  numbers).  This  sector  rig  tends  to  be  pessimistic, 
relative  to  actual  engine  experience,  but  the  difficulty  in  meeting  even  the 
closed  nozzle  requirement  at  low  alr^ows  (low  flight  Mach  numbers)  without  starter 
assist  is  clearly  indicated.  With  a  less  volatlle/more  viscous  fuel  (JP-8) 
relight  at  low  airflows  becomes  even  more  difficult,  which  is  also  illustrated  in 
Figure  55,  but  at  high  airflows,  fuel  type  has  little  effect. 

Relight  maps,  based  on  open  exhaust  nozzle  windmilling  conditions,  for  each 
of  the  test  fuels  are  shown  in  Figure  56.  The  individual  plots  have  been  positioned 
In  order  of  decreasing  fuel  hydrogen  and  decreasing  fuel  volatility  (or  Increasing 
viscosity).  The  experimental  limit  curves  always  tend  to  be  S-ehaped  with  a 
maximum  and  a  minimum  at  flight  Mach  numbers  of  about  0.75  and  1.00,  respectively. 

There  la  virtually  no  effect  of  fuel  hydrogen  content,  but  fuel  volatility/ 
atomization  effects  are  evident  at  low  flight  Mach  numbers,  which  are  summarised 
In  Table  27  and  Figure  57.  The  relative  spray  droplet  size  parameter  (from  Table 
9)  correlates  the  altitude  relight  limits  at  0.50  and  0.75  flight  Mach  number  quite 
well,  but  at  flight  Mach  numbers  of  1.00  and  1.25,  the  limits  are  virtually  the 
same  with  all  of  the  fuels. 

9.  Fuel  Nozzle  Fouling 

Since  the  FlOl  engine  combustion  system  incorporates  low  pressure  drop  air- 
blast  fuel  Injection  atomization,  fuel  nozzle  fouling  phenomena  affect  fuel  flow 
metering  characteristics  rather  than  fuel  spray  quality  or  atomization  characteristics. 
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table  26.  Sununary  of  Idle  Stability  Test  Results, 


(2 

M 

0  Ifl 

Llghtoff 

Lean  blowout 

*3 

B 

ti.  M 

U 

s 

ji 

4) 

u 

T  M 

1 

(0 

3^ 

A  “ 

41  * 

P  9 

-3  ^ 

q  (0 

9 

U4  » 

S  M 
u*  • 

H  U) 

0) 

m  M 
£ 

•  '*-1 

& 

Wf. 

Flow 

P.  .H 

.  s 

‘H 

«H 

91  ^ 

^  8 

H  H 

H 

n  om 

1 

0.106 

2.25 

458 

33.3 

14.8 

14.7 

6.5 

2 

0.106 

2.25 

452 

31.2 

13.9 

11.7 

5.2 

3 

0.107 

2.24 

473 

30.1 

13.4 

12.7 

5.7 

4 

0.107 

2.39 

30.7 

12.8 

4.5* 

1.9* 

5 

0.107 

2.41 

466 

33.9 

14.1 

14.0 

5.8 

6 

0.107 

2.42 

468 

38.4 

15.9 

12.5 

5.2 

7 

0.108 

2.41 

469 

27.1 

11.2 

13.6 

5.6 

8 

0.108 

2.41 

466 

27.6 

11.5 

13.4 

5.6 

9 

0.107 

2.37 

473 

35.4 

14.9 

13.1 

5.5 

10 

0.108 

2.43 

462 

32.6 

13.4 

17.1 

7.0 

11 

0.108 

2.41 

453 

38.3 

15.9 

15.7 

6.5 

12 

0.107 

2.23 

460 

31.0 

13.9 

13.9 

6.2 

13 

0.107 

2.40 

t^n 

29.5 

12.3 

12.0 

5.0 

Average 

32.2 

13.7 

13.7 

5.8 

Std.  Deviation 

3.58 

1.49 

1.55 

0.61 

Normalized  Deviation 

0.111 

0.109 

0.114 

0.105 

*  Suspect;  excluded  from  statistical  analysis. 
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Table  27.  Summary  of  Altitude  Relight  Test  Results 


Fuel  Number 

Relight  Altitude  Limit,  km 

/ At  Open  Exhaust  Nozale  \ 

I  Wlndmllllng  Conditions  j 
\  and  Flight  Mach  Number  ■ J 

0.50 

0.75 

1.00 

1.25 

im 

5.0 

9.4 

7.6 

8.2 

3.2 

7.7 

6.6 

7.6 

2.6 

5.8 

6.3 

7.9 

2.9 

7.5 

5.8 

8.2 

2.9 

7.5 

6.5 

8.2 

3.2 

7.5 

5.0 

6.4 

/ 

0 

2.7 

5.2 

7.4 

8 

3.3 

7.7 

5.9 

7.2 

9 

2.7 

7,7 

6.9 

8.8 

10 

3.3 

7.7 

5.9 

5.S 

11 

A. 5 

7.3 

6.3 

6.8 

12 

A.O 

8.7 

8.4 

10.0 

13 

0 

4.0 

7.8 

9.5 

Figure  58  Illustrates  the  types  of  flow  characteristics  deterioration  which  may 
occur.  A  fuel  nozzle  In  good  condition  (pretest  symbols)  meets  very  close  flow 
tolerances  and  exhibits  virtually  no  flow  hysteresis.  After  long  engine  service 
or  hot  fuel  cyclic  rig  testing,  gum  deposits  form  which  affect  the  metering  valve 
action.  For  the  post  cyclic  rig  test  flow  calibration  exftmple  shown,  the  valve 
cracking  pressure  has  increased  from  0.75  to  1.25  MPa,  flow  rates  at  2.2  and  3.0 
MPa  have  decreased  about  4  percent,  and  descending  pressure  flow  rates  have  In¬ 
creased  about  8  and  103  percent  at  1.2  and  0.8  MPa  (hysteresis).  Deterioration 
can  therefore  be  characterized  by  either  flow  rate  reduction  or  flow-hysteresis 
Increase  at  selected  nominal  fuel  nozzle  pressure  drop  conditions.  Two  different 
metering  deterioration  parameters  were  calculated  for  analyses  of  the  fuel  nozzle 
fouling  data: 


Flow  Rate  Reduction 


[(Pretest  Floy  Rate)-(Test  Flow  P.ate)T 
(Pretest  Flow  Rate)  J 

Ascending  Pressure 
Calibration 


(12) 


and: 


Flow  Hysteresis  Increase 


/ Ascending  Flow  Rate  \  _ 

^Descending  Flow  Ratey  -  ^Descending  Flow  Rate 

Pretest  '  Test 


^Ascending  Flow  Rate  \ 

e/ 


(13) 


The  first  type  of  deterioration  Indicator  (ascending  pressure  flow  rate  reduction) 
could  probably  be  related  to  relight  ability  (insufficient  fuel  In  the  vicinity 
of  the  ignitor).  The  second  type  of  deterioration  indicator  (flow  rate 
hysteresis)  Is  probably  more  Important  In  that  variations  in  hysteresis  of  the 
twenty  fuel  nozzles  can  result  In  hot  streaks  and  turbine  distress  at  higher  power 
operating  conditions. 

The  extent  of  deterioration  should  be  dependent  upon  fuel  injector  design 
features  (clearances,  finishes,  spring  forces,  and  manufacturing  tolerances)  as 
well  as  fuel  properties  (thermal  stability  rating),  operating  conditions  (fuel 
temperature  and  flow  rates,  air  temperature,  and  velocity,  etc.)  and  exposure  time. 

Under  normal  engine  operating  conditions,  the  types  of  fuel  nozzle  fouling 
described  above  usually  occur  only  after  long  use,  which  would  require  long  tests 
and  large  fuel  quantities  to  duplicate,  which  were  beyond  the  original  scope  of 
this  program.  Therefore,  short  but  severe  tests  described  in  Section  V.D.l  were 
conducted  In  an  effort  to  define  the  relative  fouling  tendencies  of  these  13  fuels. 

A  total  of  13  tests  were  conducted,  end  results  are  listed  In  Appendix  D.  After 
Inconclusive  tests  with  Fuels  1  and  2  (no  significant  flow  calibration  deterioration), 
the  fuel  temperature  was  Increased  from  (436  to  478  K)  to  accelerate  the  fouling 
tendency.  A  summary  of  these  later  results  Is  shown  In  Table  28.  With  the 
Increased  fuel  temperature,  noticeable  deterioration  at  the  first  calibration 
point  (0.83  MPa)  occurred,  by  either  definition,  within  this  short  (5-hour)  test. 
However  at  the  second  calibration  point  (1.2  MPa),  virtually  no  deterioration  was 
detected. 


Figure  59  is  an  attempt  to  relate  the  fuel  nozzle  fouling  tendency  In  these 
tests  to  the  laboratory  fuel  thermal  stability  rating  of  the  fuels  from  Table  6. 
The  expected  trend  would  be  more  fouling  with  lower  JFTOT  breakpoint  temperature. 
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Design  Opening  Pressure 
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However,  the  three  fuele  with  the  highest  breakpoint  temperature  (Fuels  2,  3,  and 
7)  do  not  fit  the  trend  Indicated  by  the  other  fuels.  It  was  therefore  concluded 
that  the  thermal  stability  variations  In  this  set  of  fuels  were  probably  not  large 
enough  to  relate  reliably  to  fuel  nozzle  fouling  tendencies  by  these  short  tests. 
The  program  scope  was  then  Increased  to  include  longer  tests  with  selected  fuels, 
which  are  described  In  the  following  section. 


10.  Fuel  Nozzle  Valve  Gumming 

As  described  above,  It  was  concluded  M'at  longer  tests  were  needed  to 
characterize  fuel  nozzle  fouling  tendencies,  so  the  program  scope  was  revised  to 
Include  a  aeries  of  longer  cyclic  tests  using  the  apparatus  and  procedure  described 
In  Section  V.D.2.  Right  tests  were  run  using  JP-4  and  JP-8  fuels  to  determine  the 
relative  effects  of  fuel  temperature  and  cyclic  teat  time  on  fuel  nozzle  flow 
characteristics.  Detailed  data  are  listed  In  Appendix  D,  which  are  summarized  In 
Table  29.  Typical  trends  are  Illustrated  In  Figures  56  and  60,  and  summarized  In 
Figure  61.  As  noted,  the  results  summarized  are  for  the  upstream  fuel  nozzle 
valve  In  the  test  rig. 

As  shown  In  Table  29,  each  of  the  tests  was  run  until  significant  flow 
calibration  deterioration  In  the  upstream  fuel  nozzle  valve  had  occurred. 

Generally,  the  downstream  valve  flow  calibration  deterioration  was  less.  At  the 
lowest  fuel  temperature  tested  (436  K) ,  deterioration  was  not  great  until  near 
the  end  of  the  100-hour  test  with  either  fuel.  In  all  of  the  higher  temperature 
tests,  significant  deterioration  occurred  quite  soon  (30  hours  or  less)  and  strong 
fuel  temperature/fuel  type  effects  were  evident,  as  shown  In  Figure  60.  In  the 
higher  temperature  tests,  the  time  between  shutdowns  for  flow  calibration  was 
therefore  reduced  from  8  to  4  or  6  hours  to  determine  more  accurately  the  cyclic 
time  required  to  produce  a  significant  degree  of  flow  calibration  deterioration. 
However,  as  shown  In  Table  29,  significant  degrees  of  deterioration  still  often 
occurred  before  Che  first  flow  calibration.  Therefore,  life  curves  such  as  that 
shown  in  Figure  61  are  difficult  to  construct  with  precision  from  these  few  tests. 

It  is,  however,  evident  from  Figure  61  Chat  life  (time  to  produce  a  selected  level 
of  flow  deterioration)  tends  to  correlate  with  the  temperature  difference  between 
the  breakpoint  by  visual  tube  rating  (JFTOT)  and  test  fuel  operating  temperature 
of  both  fuels.  A  20  K  change  In  this  parameter  causes  life  to  change  by 
approximately  a  factor  of  5.  Thus,  this  correlation  could  be  used  to  estimate 
the  effect  of  either  a  change  In  fuel  thermal  stability  rating  or  a  change  In 
engine  operating  conditions  on  life  of  this  fuel  system  component. 

B.  Engine  Systems  Life  Predictions 

1.  Combustion  System  Life  Predictions 

The  analysis  as  described  In  Section  V.F.2  was  conducted  assuming  a  nonlumlnous 
flame  radiation  level  for  Fuel  1  (current  JP-4)  and  adjusting  the  film  effective¬ 
ness  level  to  achieve  a  match  between  the  measured  and  calculated  temperatures  on 
the  panels.  Typical  data  match  curves  for  Panel  3  outer  liner  are 
shown  In  Figure  62.  Similar  data  match  curves  were  prepared  for  each  of  the  other 
fuels  by  maintaining  a  constant  film  effectiveness  level  and  by  adjusting  the  flame 
radiation  to  achieve  the  data  match.  This  detailed  approach  permits  the  metal 
temperature  distribution  throughout  the  structure  to  be  calculated  with  high 
accuracy  providing  the  desired  accurate  input  for  the  stresa  calculations. 
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Table  29.  Summary  of  Long  Time  Fuel  Valve  Gumming 
Teat  Results  (1) 


w 

i 

1 

4J 

U) 

Fuel  Type 

ft 

w 

12 

H 

H 

Pk 

Test  Duration,  Boars 

of 

Test  Time  to  Indicated  Levels 

Flow  Metering  Deterloratlon^^\  Hours 

Flow  Rate^^^ 
Reduction,  it 
at  4Pf  •  0.83  MPa 

Flow  Hysteresiu^^^ 
Increase,  it 
at  APf  -  1.24  MPa 

25  Z 

Reduction 

50  Z 

Reduction 

100  z 

(Seizure) 

5  Z 

Increase 

10  Z 

Increase 

Z  oz 

1 

JP-4 

436 

100 

88-96 

88-96 

>100 

16-24 

88-96 

88-96 

2 

JP-8 

436 

100 

<8 

>100 

>100 

86-96 

88-96 

88-96 

3 

JP-8 

494 

18 

<6 

<6 

<6 

<6 

<6 

<6 

4 

JP-8 

464 

44 

<6 

<6 

18-24 

6 

24-30 

32-38 

S 

JP-4 

464 

32 

<8 

<8 

8-16 

<8 

<8 

16-24 

6 

JP-4 

450 

28 

<4 

12-20 

12-20 

<4 

4-12 

4-12 

7 

JP-4 

436 

24 

<4 

<4 

8-12 

<4 

<4 

4-8 

8 

JP-4 

444 

22^^^ 

>22 

>22 

>22 

16-22 

16-22 

16-22 

Upstream  test  valve  results  only.  Downstream  valve  results  are  similar 
.  but  less  deterioration. 

Defined  by  Equation  12. 

^-'Defined  by  Equation  13. 

v^)Tegt  terminated  because  fuel  supply  exhausted. 
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Cyclic  Test  Hours  to  Fuel  Hozzle  Failure 
(10%  Increase  in  Flow  Hysteresis  at  =  1.24  Va) 


FlRure  61. 


^Tjjp  -  '  Temperature  Dilforoncc,  K 

Effect  of  Fuel  Temperature  and  Typo  on  Fuel  Nozzle  Valve 


Life. 
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The  temperature  profiles  were  used  as  input  to  the  CLASS/MASS  Computer 
Program  and  effective  stress  levels  were  calculated  for  the  various  fuels.  The 
stress  and  temperature  distributions  were  combined  with  available  material  property 
data  (Figure  32)  to  predict  cycles  to  crack  Initiation.  The  relative  cyclic  life 
for  the  various  fuels  Is  shown  In  Figure  63.  The  predicted  cyclic  life  for  fuels 
containing  12  weight  percent  hydrogen  Is  leas  than  half  of  the  life  predicted  for 
the  fuel  containing  14.5  weight  percent  hydrogen.  This  decrease  In  life  is  due  to 
two  effects.  The  first  and  smaller  effect  Is  due  to  Increases  in  effective  stress 
levels  because  of  Increases  In  temperature  gradients  between  the  panel  and  the 
cooling  slot.  The  second  and  more  significant  effect  Is  due  to  the  rapid  decay  In 
material  properties  In  the  predicted  liner  temperature  range  of  1200  to  1295  K. 

The  following  table  summarizes  the  life  results! 


Fuel  Hydrogen  Content, 

Relative  FlOl 

Weight  Percent 

Combustor  Life 

14.5  (Current  JP-4) 

1.00 

14.0  (Current  JP-8) 

0.72 

13.0  (ERBS  Fuel,  Ref.  2) 

0.52 

12.0  (Minimum,  This  Program) 

0.47 

2.  Turbine  System  Life  Predictions 

The  turbine  vane  heat  load  Is  made  up  of  both  convection  and  radiation  and 
the  relative  levels  vary  around  the  perimeter  of  the  vane.  The  leading  edge  of 
the  vane  has  a  view  of  the  dome  region  and  thus,  a  larger  part  of  Its  heat  load 
Is  dependent  on  radiation  as  compared  to  the  trailing  edge  which  receives  radiation 
heating  only  from  the  gas  path  enclosed  between  the  vanes.  The  radiation  heating 
of  the  leading  edge  accounts  for  about  20  percent  of  the  total  heat  load .  This 
percentage  decreases  around  the  perimeter  of  the  vane  as  a  result  of  smaller  dome 
view  factorn  reaching  a  value  of  only  about  8-10  percent  of  the  total  heat  load 
for  the  trailing  edge. 

As  discussed  In  Section  V.F.3,  the  cooler  combustion  gases  between  the  high 
temperature  dome  and  the  vane  absorb  In  the  wavelength  bands  for  carbon  dioxide 
and  water  and.  thus,  shield  the  vanes  from  upstream  radiation  In  these  bands. 

The  luminous  radiation  from  the  dome  regions  of  the  spectrum,  however.  Is  not 
easily  absorbed  and  increases  the  total  heat  load  on  the  vane.  Estimates  were 
made  of  the  Increase  In  the  total  haat  load  and  the  corresponding  Increase  In 
metal  temperature.  The  temperature  distributions  were  used  to  calculate  stresa 
levels  which  In  turn  were  used  to  calculate  the  cycles  to  low  cycle  fatigue  crack¬ 
ing.  The  predicted  metal  temperature  increases  for  operation  with  fuels  containing 
12  weight  percent  hydrogen  are  shown  In  Figure  64. 

It  is  predicted  chat  the  low  cycle  fatigue  life  at  the  leading  edge  Is 
reduced  by  a  factor  of  two  when  Che  fuel  hydrogen  content  Is  reduced  from  14.5 
to  12  percent.  This  Is  approximately  the  same  life  factor  found  previously  for 
the  combustor  liner.  However,  at  Its  present  stage  of  development  the  life  of 
the  turbine  vane  is  limited  primarily  by  cracking  -it  the  trailing  edge,  which  is 
not  affected  at  all  by  the  flame  luminosity.  Until  the  life  of  the  trailing  edge 
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O  JP-4  Based  Fuels 
□  JP-8  Based  Fuels 
No.  8  Diesel  Fuel 


13  14 

Fuel  Hydrogen  Content,  Weight  Percent 


Figure  R3.  Predicted  Effect  of  Fuel  Hydrogen  Content 
on  Combustor  Life, 


ri 

Is  Improved  to  within  50  percent  of  the  life  of  the  leading  edge,  flame  luminosity 

will  not  significantly  alter  the  overall  life  of  FlOl  turbine  vanes.  { 

Jj 

C ,  AssesBment  of  Results  ■■ 

yu 
i  I 

The  data  and  analyses  presented  In  the  previous  section  provide  a  summary  of 
the  effects  of  fuel  property  variations  on  the  performance,  emission  and  durability 
characteristics  of  the  FlOl  combustion  system,  based  on  full-annular,  sector  and 
single-cup  rig  tests.  The  data  are  generally  well  ordered  and  in  good  agreement  ji 

with  previous  data  where  comparisons  could  be  made.  Therefore,  these  data  are 
thought  to  be  a  valuable  addition  to  the  USAF  data  bank.  However,  since  these 
are  all  rig  results,  some  direct  verification  by  engine  tests  is  recommended. 

These  data  show  that  fuel  hydrogen  content  Is  a  key  fuel  property,  with 
respect  to  high  power  performance/emlsslons  and  durability.  In  particular,  smoke, 
liner  temperature  (and  hence,  combustor  life)  and  emissions  are  predominantly 
fuel  hydrogen  content  dependent.  On  the  other  hand,  low  power  emissions  and  i 

performance,  such  as  idle  CO  and  HC  emissions,  and  ground  start  and  altitude 
relight  appear  more  dependent  on  fuel  volatility  and  viscosity  as  they  affect  fuel  I 

atomisation  and  evaporation  characteristics.  The  FlOl  combustion  system  has  i 

excellent  cold  day  ground  start  and  altitude  relight  characteristics,  but  these  I 

data  indicate  that  conversion  from  JP-4  to  JP-8  as  the  primary  USAF  fuel  will  | 

result  in  noticeable  reductions  In  these  starting  capabilities.  j 

The  FlOl  fuel  nozzle  appears  to  be  quite  tolerant  to  fuel  property  changes  I 

with  respect  to  short  time  fuel  nozzle  fouling.  The  short  but  harsh  tests 
conducted  In  this  program,  however,  were  not  very  conclusive.  The  longer  time 
fuel  nozzle  valve  gumming  tests  suggest  that  JP-8  fuel  may  provide  significantly 
longer  life  than  JP-4.  It  appears  that  some  of  the  concerns  regarding  future  > 

fuel  characteristics  are!  to  what  extent  the  thermal  atabillty  ratings  will  change, 
how  significant  are  current  procedures  for  rating  fuel  thermal  stability,  and 
how  much  engine  fuel  supply/injection  system  performance  will  be  affected. 

Additional  studies  in  these  areas  are  therefore  needed. 
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Section  VII 


CONCLUSIONS  AND  RECOMMENDATIONS 


Based  on  the  FlOl  combustion  system  experiments  and  analyses 
conducted  In  this  program,  the  following  conclusions  and  recommendations 
are  made: 

A.  Conclusions 


1)  Fuel  hydrogen  content  strongly  affects  smoke  emissions,  liner 
temperature  and  NO^  emissions.  Hydrogen  content  is,  therefore, 
probably  the  single  most  Important  fuel  property,  particularly 
with  respect  to  high  power  performance  and  emission  characteris¬ 
tics  and  combustor  durability  (life). 

2)  Fuel  volatility  (as  Indicated  by  Initial  boiling  range)  and 
viscosity  effects  became  evident  at  low  power  operating  condi¬ 
tions.  Cold  day  starting  and  altitude  relight  capability  are 
highly  dependent  upon  these  properties. 

3)  Within  the  range  tested,  neither  aromatic  type  (monocyclic  or 
blcyclic)  nor  final  boiling  range  produced  any  significant 
effect  on  combustion  characteristics. 

4)  Combustor  exit  temperature  dlscributions  in  the  atmospheric 
discharge  tests  conducted  in  this  program  showed  a  strong 
effect  of  fuel  viscosity  (droplet  size)  on  exit  pattern  factor. 
This  effect,  however,  is  probably  not  present  in  the  high 
pressure  engine  environment. 

5)  None  of  the  fuel  properties  produced  any  measurcable  harmful 
carbon  deposition  within  the  short  but  severe  tests  which  were 
conducted. 

H.  Recommendations 

1)  FlOl  engine  tests  with  selected  fuels  are  recommended  to  verify 
the  trends  established  In  these  rig  tests. 

2)  Although  the  current  testing  showed  no  adverse  fuel  effects  on 
fuel  system  components  at  normal  operating  temperatures,  more 
sophisticated  long  term  tests  are  needed  to  determine  the  effects 
of  fuel  thermal  stability  on  fuel  aupply/lnjection  system  compo¬ 
nents  and  to  establish  quantitative  correlations  with  thermal 
stability  ratings. 
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APPENDIX  A 


PULL -ANNULAR  TEST  DATA 


Table  A-1  presents  a  summary  of  the  key  reduced  data  from  the  high 
pressure  perfontiance  and  emission  tests.  Additional  computed  parameters 
are  listed  in  Table  A~2. 

Tablu  A-3  presents  the  analyses  of  the  idlo  CO  and  HC  emission  data. 

A  logarithmic  curve  fit  of  the  test  data  for  eaoh  fuel  was  performed  (see 
Figures  34  and  37)  from  which  Che  quoted  engine  Idle  emission  indices  were 
calculated.  At  higher  engine  power  test  conditions,  CO  emission  levels 
were  very  low,  particularly  after  corrections  fron  rig  Co  engine  pressure 
levels  werf-  made  (Table  A-4) .  Hydrocarbon  emissinu  levels  at  all  higher 
power  rig  conditions  were  essentinlly  zero. 

The  NO^  emlaelons  data  were  correlated  as  shown  in  Table  AS,  A  linear 
regression  curvf  fit  of  Che  test  data  for  each  fuel  was  performed  (see 
Figure  39)  from  'lich  the  quoted  engine  emission  indices  were  calculated. 

The  engine  exit  smoke  data  were  correlated  as  shown  in  Table  A-6. 

Again,  a  linear  regression  curve  fit  of  the  test  data  for  each  fuel  was 
perfor.’Hud  (see  Figures  42  and  43)  from  which  the  quoted  smoke  levels  were 
calculated. 

Detailed  liner  temperature  data  are  listed  in  Table  A-7  (inner  liner) 
and  Table  A-8  (outer  liner).  The  data  are  picsenCed  as  liner  temperature 
rise  (T^-Tj).  The  thermocouple  locations  indicated  correspond  to  those 
shown  in  Table  12  and  Figures  22-25.  The  peck  liner  temperatures  always 
occurred  on  the  third  panel  of  the  outer  liner  and  wore  correlated  (see 
Figures  ih  and  47)  as  shown  in  Table  A-9. 

Detailed  data  from  the  atmospheric  pressure  pattern  factor  tests  is 
listed  in  Table  A-10.  The  pattern  factor  data  were  correlated  (aee 
Figures  50  and  51)  as  showTi  in  Table  A-11. 
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Table  A-2.  Additional  Performance  Data, 


i 

H 

(h 

i 

1 

2 

|l 

.i 

w  w 

Vj.,  Reference 

Velocity,  m/s 

fs/fn.  Ratio  of  Sanple 
to  Ifetered  Fuel-Air  Ratio 

Ss,  Saoke  Severity 
Operating  Paraaeter 

M 

►,  « 

4J  U 

u 

1 

2 

0. 

17.8 

■m 

0.0413 

0.1170 

3 

0. 

18.3 

0.057B 

0.1307 

4 

0.9 

20.1 

1.011 

0.1678 

0.4370 

5 

0.9 

20.9 

1.026 

0.2364 

0.3849 

6 

1.8 

23.3 

0.991 

0.2162 

0.7818 

7 

1.6 

22. A 

0.955 

0.2919 

0.7726 

8 

1.3 

22.9 

0.996 

0.2887 

0.7629 

9 

1.8 

23.1 

0.995 

0.2045 

0.8160 

2 

10 

1.6 

23.1 

0.977 

0.2008 

0.8199 

11 

2.1 

22.7 

0.986 

0.2910 

0.7814 

12 

1.5 

22.7 

0.997 

0.3159 

0.7797 

13 

1.2 

23.0 

1.039 

0.2395 

0.7923 

U 

1.5 

20.3 

1.025 

0.2436 

0.3851 

15 

1.7 

20.4 

1.031 

0.1789 

0.4269 

16 

0.3 

18.1 

1.154 

0.0765 

0.1301 

17 

0 

18.1 

1.095 

0.0521 

0.1149 

3 

18 

0 

18.0 

1.176 

0.0769 

0.1334 

19 

0 

18.1 

1.092 

0.0466 

0.1187 

20 

2.0 

20.5 

1.010 

0.1695 

0.4486 

21 

1.2 

20.6 

1.013 

0.2393 

0.3836 

22 

2.4 

23.3 

0.974 

0.2134 

0.8036 

23 

2.2 

23.4 

1.067 

0.3043 

0.7973 

24 

1.7 

23.2 

1.050 

0.2179 

0.8513 

25 

2.7 

23.3 

1.047 

0.3097 

0.8019 

4 

35 

2.2 

23.8 

0.973 

0.2007 

0.8983 

34 

3.7 

24.0 

0.971 

0.2775 

0.8525 

36 

4.1 

23.4 

1.009 

0.3269 

0.7965 

37 

2.1 

23.1 

0.977 

0.2231 

0.8325 

38 

3.6 

20.6 

0.967 

0.2326 

0.3785 

39 

1.7 

21.3 

0.971 

0.1615 

0.4312 

40 

1.0 

18.6 

0.961 

0.0550 

0.1302 

41 

1.6 

18.8 

0.978 

0.0411 

0.1096 

1 
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Table  A-2.  Additional  Performance  Data, 
(Continued) 


Fuel  Nuid>er 

u 

J 

1 

1 

*  M 

a 

Vj-,  Reference  Velocity 
la/s 

fs/fm.  Ratio  of  Saaf>le 
to  Metered  Fuel-Air  Ratio 

Ss,  Saoke  Severity 

Operating  Paraaeter 

%Oa.  Severity 

Operating  Faraaeter 

5 

■■ 

2.0 

24.2 

0.966 

0.1918 

0.9328 

KB 

2.3 

23.6 

0.965 

0.2108 

0.8454 

mSM 

1.9 

23.4 

0.972 

0.3042 

0.8172 

A5 

1.8 

24.4 

0.979 

0.2732 

0.8842 

46 

20.6 

0.964 

0.2225 

0.3818 

47 

1.8 

20.6 

0.940 

0.1581 

0.4274 

48 

0.7 

18.7 

0.969 

0.0567 

0.1257 

49 

0.8 

18.7 

0.971 

0.0418 

0.1077 

6 

26 

■RH 

18.0 

0.812 

0.0319 

0.1145 

21 

18.0 

0.870 

0.0499 

0.1328 

28 

20.2 

0.1734 

0.4399 

29 

BUS 

22.9 

0.977 

0.2162 

0.3946 

30 

BiK 

23.4 

0.992 

0.2283 

0.8206 

31 

23.6 

1.004 

0.3189 

0.8614 

32 

2.8 

24.2 

0.979 

0.2003 

0.8958 

33 

2.5 

24.4 

0.964 

0.2719 

0.8365 

7 

50 

1.0 

18.9 

0.963 

0.0394 

0.1023 

51 

1.1 

18.8 

0.956 

0.0559 

0.1207 

52 

0.7 

20.7 

0.947 

0.1580 

0.4106 

53 

2.1 

21.3 

0.980 

0.2283 

0.3592 

54 

2.9 

23.7 

0.933 

0.2010 

0.8210 

55 

3.9 

23.7 

0.934 

0.2614 

0.7938 

56 

3.1 

23.9 

0.900 

0.1733 

0.9195 

57 

2.2 

24.0 

0.921 

0.2521 

0.8841 

8 

58 

2.9 

24.3 

0.939 

0.2535 

0.6719 

59 

3.0 

24.5 

0.921 

0.1765 

0.9211 

60 

3.5 

23.5 

0.921 

0.2766 

0.8021 

61 

23.4 

0.904 

0.1917 

0.8746 

62 

20.6 

0.943 

0.2271 

0.3763 

63 

20.7 

0.938 

0.1590 

0.4247 

64 

18.6 

0.941 

0.0566 

0.1266 

65 

kHI 

18.9 

0.961 

0.0418 

0.1064 

138 


P 


Table  A-2.  Additional  Performance  Data, 
(Continued) 


1 

H 

u* 

f 

SHg,  Engine  Exit 

Smoke  Nunber 

Reference 

Velocity,  m/s 

fs/&i.  Ratio  of  Sample 
to  Metered  Fuel— Air  Ratio 

1 1 

V)  a. 

II 

4 

M  o 

Severity 

Operating  Parameter 

9 

66 

1.4 

23.9 

■BH 

0.2003 

0.8327 

67 

2.4 

23.5 

0.2800 

0.8244 

63 

2.1 

23.9 

■m 

0.2593 

0.8589 

69 

1.2 

24.1 

0.917 

0.1777 

70 

2.1 

20.6 

0.917 

0.2009 

■ItmM 

71 

0.7 

21.0 

0.931 

0.1522 

72 

0.5 

18.5 

0.923 

0.0530 

73 

0.7 

18.6 

0.943 

0.0398 

10 

99 

0.6 

13.4 

0.953 

0.0564 

0,1226 

100 

0.7 

18.2 

0.965 

0.0405 

0.1067 

103 

2.3 

23.0 

0.912 

0.1961 

0.8224 

104 

2.8 

23.5 

0.980 

0.2797 

0.7762 

105 

1.3 

24.0 

0.905 

0.1742 

0.8903 

106 

1.2 

23.5 

0.900 

0.2402 

0.8514 

101 

1.2 

20.7 

0.929 

0.1534 

0.4175 

102 

1.6 

21.2 

0.933 

0.2110 

0.3616 

11 

91 

3.2 

23.4 

0.930 

0.1950 

0.8044 

92 

2.5 

22.5 

0.916 

0.2742 

0.7864 

93 

2.1 

23.6 

0.907 

0.1713 

0.8795 

94 

1.7 

24.1 

0.932 

0.2476 

0.8265 

95 

1.3 

20.1 

0.907 

0.2044 

0.3711 

96 

0.9 

20.7 

0.939 

0.1514 

0.4145 

97 

0.6 

18.6 

0.950 

0.0552 

0.1220 

96 

0.7 

18.4 

0.953 

0.0393 

0.1053 

12 

83 

2.8 

24.0 

0.930 

0.2432 

0.8589 

84 

1.5 

23.5 

0.895 

0.1654 

0.8762 

85 

2.0 

22.7 

0.905 

0.2616 

0.7834 

86 

2.0 

23.4 

0.923 

0.1880 

0.8073 

87 

1.5 

20.5 

0.931 

0.2035 

0.3721 

68 

1.6 

20.6 

0.937 

0.1498 

0.4119 

69 

0.5 

18.1 

0.963 

0.0558 

0.1009 

90 

0.4 

18.1 

0.982 

0.0412 

0.1058 

Fuel  Huid}er 


Table  A-2.  Additional  Farfornance  Data. 
(Concluded) 


0.998 

0.930 

0.926 

0.9A7 

0.924 

0.932 

0.920 

0.321 

0.893 


0.0439 

0.0580 

0.1475 

0.2123 

0.1943 

0.2708 

0.1728 

0.2441 

0.1630 


0.1055 

0.1219 

0.4004 

0.3711 

0.7913 

0.7702 

0.8709 

0.8215 

0.8730 


Fuel  Number 


Table  A-3.  Idle  CO  and  HC  Emlaslon  Test  Data  Correlation. 


El  ■ 


m 


Fuel  Number 

5  if 

iS 

. 

M  1 

H  H 

hJ  U 

M-l  Pm  0 

CO  Emission 

Correlation 

HC  Emission 
Correlation 

m.  Slope 

b.  Intercept, 
g/kg 

Elco.  Idle,  g/kg 
(Calculated  from 
Correlation  @  f j) 

m.  Slope 

b.  Intercept, 
g/kg 

ElgQ,  Idle,  g/kg 
Calculated  from 
Correlation  @  f j 

14.00 

28.70 

28.70 

-8.06 

l.CB 

14.13 

30.20 

29.85 

-6.27 

1.68 

14.13 

-1.50 

31.00 

30.55 

-5.74 

1.93 

4 

14.55 

-1.93 

37.22 

34.56 

-6.26 

2.36 

5 

14.29 

-1.99 

33.09 

31.77 

-6.09 

2.53 

6 

14.49 

-1.67 

34.88 

32.94 

-4.92 

2.60 

7 

14.34 

-2.06 

35.82 

34.09 

-6.34 

3.18 

2.73 

8 

14.46 

-2.60 

31.68 

29.13 

-10.16 

1.42 

1.03 

9 

14.32 

-2.86 

26.84 

25.16 

-8.59 

1.06 

0,88 

10 

14.47 

-2.10 

32.29 

30.13 

-9.51 

1.52 

1.11 

11 

14.30 

-2.15 

30.26 

28.91 

-9.41 

1.17 

0.96 

12 

14.08 

-2.43 

26.82 

26.45 

-10.41 

0.96 

0.90 

13 

-1.97 

37.86 

36.32 

-6.67 

3.05 

2.65 

(1)  Curve-fit  examples  shovm  in  Figure  34. 
Curve-fit  examples  shown  in  Figure  37. 
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Table  A-5.  NO^  Emlnslon  Test  Data  Correlation 


a)  Correlation  with  Combustor 

Operating  Conditions 

El  ■ 

NOx 

"®H0«  +  ” 

where ! 

c  . 

^23. 5\/  Pa 

.  /  6.29-h\]  ) 

®NOx 

V,  A2.718; 

191.7  ] 

(53.2  )\] 

and  ^(f)  Is 

defined  In  Section  V.  F. 

1. 

Fuel  liaBi>er 

Number  of 

Data  Points 

01 

§* 

* 

u 

S' 

u 

M 

0> 

.0 

r,  corre¬ 
lation  coef¬ 
ficient 

einox* 

/calculated  from  Operating  Condi- 
(  tlona  Correlation  at  Suny  * 
^0.1205,  0.3491,  1.000,  and  1.1756 

Idle 

0.1205 

Cruise 

0.3491 

Takeoff 

1.000 

Dash 

1.1756 

8 

26.21 

WSEM 

0.9999 

2.89 

8.88 

25.94 

30.55 

8 

26.34 

0.9986 

3.36 

9.38 

26.52 

31.15 

8 

25.44 

0.9997 

3.33 

9.15 

25.71 

30.17 

A 

8 

27.68 

+1.18 

0.9961 

4.52 

10.85 

28.87 

33.73 

S 

8 

26.22 

+1.18 

0.9910 

4.34 

10.33 

27.40 

32.00 

6 

8 

28.65 

+0.37 

0.9929 

3.83 

10.38 

29.02 

34.05 

7 

+0.26 

0.9984 

3.51 

9.68 

27.24 

31.98 

8 

+0.92 

0.9974 

4.19 

10.41 

28.11 

32.88 

D 

-0.11 

0.9960 

3.54 

10.45* 

30.15* 

35.46* 

+0.16 

0.9997 

3.65 

10.26 

29.09 

34.17 

+0.33 

0.9992 

3.51 

9.54 

26.73 

31.37 

+0.56 

0.9994 

3.50 

9.07 

24.93 

29.21 

+0.52 

0.9959 

3.62 

9.50 

26.25 

30.77 

b)  Correlation  with  Fuel  Hydrogen  Content 


Engine  Power  Level 

Idle 

Cruise* 

Takeoff* 

Dash* 

b,  Intercept,  g/kg 

3.15 

8.90 

25.22 

29.63 

m.  Slope 

-1.376 

-0.863 

-0.670 

-0.653 

r,  Correlation  Coefficient 

-0.762 

-0.925 

-0.913 

-0.901 

*  Fuel  9  excluded  from  curve  fit  (calibration  span  setting  suspect) 


Table  A~6.  Smoke  Emleelon  Teat  Data  Correlation, 


a)  Correlation  With  Combuator  Operating  Conditions 
SNa  ■  b  +  m  [in(Sa)] 
where :  p  i 


Fuel  Itaaiber 

Hiesber  of 

Data  Points 

m.  Slope 

b.  Intercept 

r.  Correlation 
Coefficient 

SNb 

/calculated  from  Operating  Condi-  \ 

I  tlons  Correlation  at  S.  ■  ) 

\0.0590.  0.2368,  1.000,  and  1.2807/ 

Idle 

(0.0590) 

Crulae 

(0.2368) 

Takeoff 

(1.0000) 

Dash 

(1.2807) 

8 

2.62 

0.869 

0.21 

1.39 

2.62 

8 

1.006 

3.01 

0.911 

0.16 

1.56 

3.01 

8 

1.329 

3.88 

0.885 

0.12 

1.96 

3.88 

4.21 

8 

1.179 

4.69 

0.789 

1.36 

2.99 

4.69 

4.99 

0.723 

3.03 

0.907 

0.98 

1.98 

3.03 

3.21 

8 

1.052 

4.41 

0.875 

1.43 

2.89 

4.41 

4.67 

8 

1.068 

4.19 

0.683 

1.16 

2.65 

4.19 

4.45 

8 

4.30 

0.804 

1.07 

2.66 

4.30 

4.59 

9 

8 

2.96 

0.799 

0.67 

2.96 

3.16 

10 

6 

■•ft; 

3.41 

0.826 

0.77 

2.07 

3.41 

3.64 

11 

8 

0.899 

3.89 

0.691 

0.84 

2.09 

3.89 

3.61 

12 

8 

1.047 

3.60 

0.907 

0.64 

2.10 

3.60 

3.86 

13 

9 

1.113 

3.88 

0.863 

0.73 

2.28 

3.88 

4.16 

b)  Correlation  with  Fuel  Hydrogen  Content 
SNa  “  b  +  m  (14.5-H) 


Engine  Power  Level 


Idle 


Crulee 


Takeoff 


Dash 


b,  Intercept 
m,  Slope 

f,  Correlation  Coefficient 


0.179 

+0.4115 

+0.833 


1.546 

+0.4382 

+0.776 


2.999 

+0.4675 

+0.634 


3.206 

+0.4715 

+0.607 
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A-8.  Detailed  Outer  Liner  Tenperature  Data  (Concluded) 


Fuel 


Table  A-9.  Peak  Liner  Temperature  Data  Correlation. 


a)  Correlation  with  Combustor  Operating  Conditional^) 


irueX 

Nuad>er 

m.  Slope 

B 

H 

r.  Correlation 
Coefficient 

f.j.Q»  Ideal 
Fuel-Air  Ratio 
at  Takeoff 

^\max  "  ’^3)'  ^ 

/  Calculated  from  Operating  v 

[conditions  Correlation  at  f/f<p^ 
\0.479S,  0.8219.  1.000  and  0.9555  / 

Idle 

(0.4795) 

Cruise 

(0.8219) 

Takeoff 

(1.000) 

Dash 

(0.9555) 

B 

1.003 

348.1 

HI 

29.20 

166.6 

286.0 

348.1 

332.6 

1.107 

366.6 

HI 

29.47 

164.1 

298.0 

370.3 

352.1 

D 

1.118 

368.1 

II9 

29.48 

163.6 

298.8 

372.0 

353.5 

H 

1.300 

mmrn 

0.994 

30.35 

159.6 

321.6 

415.0 

391.1 

B 

1.218 

IBi 

0.989 

29.80 

150.2 

289.7 

367.9 

348.1 

H 

1.469 

397.7 

0.990 

30.22 

142.1 

313.6 

418.3 

391.2 

7 

1.352 

356.0 

0.992 

29.92 

136.1 

282.1 

367.7 

345.8 

8 

1.260 

363.7 

0.994 

30.17 

150.1 

296.0 

379.0 

357.9 

1.205 

339.6 

0.990 

29.87 

143.9 

275.5 

349.0 

330.4 

346.0 

0.990 

30.17 

167.6 

292.5 

358.2 

341.7 

D 

335.7 

0.992 

29.83 

166.1 

282.7 

343.1 

328.0 

D 

327.6 

0.986 

29.36 

174.1 

277.9 

329.5 

316.7 

D 

359.2 

0.994 

29.82 

159.2 

294.5 

368.4 

349.7 

b)  Correlation  With  Fuel  Hydrogen  Content 


(T,  -  T.,)  -  b  +  „,  (14.5  -  H) 

L  max  i 

-* - 1 - 1 - 


Engine  Power  Level 

Idle 

Cruise 

Takeoff 

Dash 

b,  Intercept 

165.8 

282.2 

342.2 

327.2 

tn,  Slope 

-5.89 

+7.39 

+17.79 

+14.99 

r,  Correlation  Coefficient 

-0.441 

+0.482 

+0.605 

+U.591 

(1) 


Examples  shown  in  Figure  46. 
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Table  A-10.  Combustor  Exit  Temperature  Distribution  Data  (Concluded). 


Tabls  A-11.  Patcern  Factor  Test  Data  Corralatlon. 


a)  Correlation  with  Combustor  Operating  Conditions 


b  +  m  (S, 


where: 
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0.1733 

.1711 

.3065 

0.3819 

.3565 

.4697 

.1888 

0.2169 

0.2282 


(Calculated  from  Operating  ^ 
Conditions  Correlation  at  Sp^  *• 
0.979,  1.000,  1.312  and  2.181  j 
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0.273 


b)  Correlation  With  Relative  Fuel  Spray  Droplet  Size 


)-n 


Engine  Power  Level 

Idle 

b.  Intercept 

m,  Slope 

r,  Correlation  Coefficient 

0.4881 

0.5617 

0,521 

Cruise 


0.2016 

0.2389 

0.708 


APPENDIX  B 


CARBON  DEPOSITION  DATA 


Tests  to  determine  relative  levels  of  carbon  deposition  were  con> 
ducted  as  described  In  Section  V.2.  After  each  carbon  deposition  test, 
the  swirl  cup  was  flow  calibrated.  Results  of  these  flow  calibrations  are 
presented  In  Table  B-1.  Also  after  each  test,  carbon  deposition  was  ob¬ 
served  and  photographically  documented.  These  postteet  photos  of  the 
swirl  cup  condition  are  presented  In  Figures  B-1  through  B-13. 

As  shown  In  Table  B-1,  none  of  the  fuels  produced  enough  carbon 
deposition  to  cause  any  significant  blockage  or  reduction  In  swlrler  flow 
area.  Figures  B-1  through  B-13  further  show  that  nowhere  In  the  dome  was 
there  any  significant  deposition  In  any  of  the  tests.  In  two  of  the 
tests,  however,  some  distress  was  detected  which  la  evident  In  Figures  B-4 
and  B-6,  In  these  two  photos,  burnout  on  the  flared  dome  extension  Insert 
occurred.  The  burned  region  extended  from  the  Insert  trailing  edge 
forward  approximately  0.5  cm  from  about  2  to  4  o'clock,  aft  looking  for¬ 
ward,  The  need  for  Increased  cooling  around  this  flared  extension  has 
been  Identified  previously,  and  Increased  cooling  has  been  Incorporated 
into  newer  FlOl  combustor  dome  designs. 


Table  B-1.  Carbon  D^iosltlon  Test  Swirl  Cap  Airflow  Calibration  Results- 
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I'lj'.ut't'  rtuUtoHt  I’hwt  op,riipli  ot  Swirl  Cup  Alt  it  Cnrln 

l)i' ptiH  i  (  1  (in  Ti'sl  o I  Imu'  I  . 


?■ 


U-'}.  I’DHttfc’.Mt  l’hott)Kr«ph  of  Swirl  Cup  After  Curbon 
DepuHltlon  ToHt  of  Fuel  5. 
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I'M)', lire  li-fi .  I’nsiti'Hi  I’hotonroph  of  Swirl  Cup  Allur  C.;ii-bou 
l)i'|H>!ili  lull  'I'uMt  of  l■’ul■  I  fi . 


157 


APPENDIX  C 


LOW  PRESSURE  TEST  DATA 


Two  types  of  tests  were  conducted  in  the  low  pressure  combustor  test 
rig:  altitude  relight  tests  and  cold  day  start  tests.  Apparatus  and  pro¬ 
cedures  which  were  used  are  described  in  Section  V.C. 

Detailed. results  of  the  altitude  relight  tests  are  presented  In 
Tables  C-1  through  C-7.  Listed  are  the  combustor  operating  conditions 
from  which  the  simulated  flight  conditions  were  determined,  and  in  the 
remarks  column,  the  type  of  data  point  is  Indicated  (LIGHT  ■  maximum 
altitude  relight  capability  at  normal  minimum  fuel  flow  rata,  PBO  ■ 
pressure  blowout,  LLO  •>  lean  llghtoff,  LBO  ••  lean  blowout. 

Detailed  results  of  the  cold  day  ground  start  tests  are  listed  In 
Tables  C-8  and  C-9.  At  each  combustor  operating  condition  shown,  lean 
llghtoff  and  lean  blowout  fuel-air  ratios  wars  determined  which  are 
listed. 
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Table  C-1.  Altitude  Relight  Test  Results,  Fuel  Number 
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Table  C-8.  Ground  Start  Teat  Reaults,  Fuela  1>8 


CorabuBtot  Operatlnt 

Cotulltlons 

Lean  Blowout 

Lean  LI gh toff 

n 

^3 
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c 

(engine) 

AP 

P 

W 

(engine) 

f 

(engine) 

f 

H 

K 

kpn 

kg/a 

X 

g/a 

g/l  g 

g/« 

g/kg 

265.4 

267.4 

BB 

im 

0.87 

27.1 

23.6 

89.9 

wm 

260.8 

261.3 

IT  Wm 

IbBH 

0.82 

29.4 

25.6 

40.3 

BUB 

250.1 

BT  Bl 

1.149 

0.79 

33.6 

29.2 

49.0 

WfWm 

I  243.7  J 

244.5 

IE  si 

1.149 

0.76 

- 

« 

>50.4 

mm 

260.4 

Rnfl 

i]Em 

2773 

23.8 

41.6 

mmm 

253.9 

ITI^B 

urn 

29.4 

25.6 

43.7 

■tHU 

250.2 

BTiBB 

1.149 

31.1 

27.0 

48.1 

41.9 

BtfRI 

244.3 

1.149 

0.80 

33.5 

29.2 

50,4 

43.9 

239.3 

Rn 

1.149 

0.82 

34.4 

30.0 

50.4 

43.9 

TSTTl” 

■lililUi 

1.U9 

5177“ 

^(5 

■2BJi 

260.4 

100.9 

1.149 

32.3 

45.2 

■rm 

250.6 

Li43 

36.0 

49.6 

■ESB 

310.4 

101.1 

i.i4r^ 

r>TU;lt 

WKSM 

15.9 

22.3 

19.4 

Btiwl 

278.2 

101.0 

1.149 

23.7 

46.9 

40. B 

265.9 

101.0 

1.149 

0.93 

HIBH 

- 

>50.4 

>43.9 

Kiil'IUi 

*r«w 

SKIM 

“To.i 

KOMi 

278.7 

101.0 

1.149 

uSEI 

- 

>50.4 

>43.9  1 

KQgi 

KiCTW 

101.5” 

1.149 

0.98 

mmKmm 

20.0 

5576 

■RHa 

276.9 

101.5 

1.149 

0.90 

26.8 

51.7 

272.3 

272.2 

101,5. 

■BinB 

0.89 

mtOM 

- 

>50.4 

>43.9 

mmm 

298.0 

100.8 

IHT  M 

22.7 

19.7 

33.6 

29.2 

■  ml 

277.4 

100.8 

Hm 

tK  I 

27.7 

24.1 

50.4 

43.9 

K  m 

272.6 

100.8 

1.149 

w  3 

30.  V 

26.7 

51.2 

44.6 

266.5 

267.4 

100.7 

1.149 

•kB 

- 

- 

>50.4 

>43.9 

V ' 

296.2 

100.0 

IBIS 

¥U  M 

WK3SM 

19.4 

37.6 

32.7 

K 1 

277.6 

100.0 

iim 

w  I 

25.2 

50.4 

43.9 

272.6 

100.0 

1.149 

tff:  J 

31.1 

27.0 

49.6 

43.1 

265.1 

265.9 

99.9 

1 . 149 

0.83 

- 

- 

>50.4 

>43.9 

lIHiHni 

lasi 

101.1 

BBS 

oTfn 

27.0 

23.5 

■KgKH 

||Km 

mSwk 

100.9 

iiim 

0.84 

- 

- 

ilBuHBi 

BwB 

308.4 

305.2 

101.0 

1.149  1 

o.sTI 

26.8 

23.3 

38.6 

■Rwa 

275.4 

277.7 

101.0 

1.149 

0.83 

31.9 

27.8 

47.7 

Bn 

272.6 

212. U 

1.149 

0.81 

32.8 

28.5 

50.4 

43.9 

266.2 

266.1 

100.9 

1.149 

0.79 

34.9 

30.3 

52.3 

45.5 

262.5 

260.8 

100.9 

1.149 

0.77 

- 

-* 

>51.5 

>44.8 

►pjr  fiiajtr- 


Table  C-9.  Ground  Start  Teat  fteaulta,  Fuels  9-13 


APPENDIX  D 


FUEL  NOZZLE  FOOLING  TEST  DATA 


Short  tern  fuel  nozzle  fouling  teste  were  conducted  in  a  small  flame 
tunnel  rig  using  apparatus  and  procedures  described  in  Section  V.D.l. 

Primary  results  were  periodic  bench  flow  calibrations  of  the  fuel  nozzles 
tu  detect  metering  orifice  plugging  and/or  flow  divider  valve  seizure, 

These  results  were  also  supplemented  with  visual  Inspection  of  the  fuel 
nozzle  tip  and  flow  divider  valve  components.  Periodic  flow  calibration 
results  and  normalized  flow  calibration  results  are  presented  in  Table  D-1. 

As  described  in  Section  V.D.2,  long  term  fuel  nozzle  valve  gumming 
tests  were  also  conducted  using  JP-4  and  JP-8  fuels.  The  flow  calibration 
results  of  this  testing  are  presented  in  Table  D-2.  Shown  In  Table  D~2 
are  the  measured  valve  flow  rates,  the  flow  ratio  normalized  to  pretest 
flow  rate  and  the  ascending  flow  rate  divided  by  the  descending  flow  rate. 
The  latter  quantity  is  a  measure  of  hysteresis  or  valve  sticking  tendencies. 


Ii 
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Table  D-1.  Fuel  Nozzle  Fouling  Test  Results 
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Nozzle  Valve  Giming  Test  Besults  (Concluded) 
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APPENDIX  E 


SMOKE  DATA  CALCULATION 


In  this  program,  combustor  component  rig  teste  were  conducted  In  which 
eomke  emission  levels  were  measured  at  the  combustor  exit  plane  by  the 
method  specified  in  Reference  5.  The  result  Is  a  Smoke  Number  (SN)  which 
expresses  the  opacity  of  filter  paper  that  has  been  stained  by  the  exhaust 
gases.  SN  is,  therefore,  not  a  true  thermodynamic  property  of  the  exhaust 
gas.  A  relationship  between  SN  and  carbon  weight  fraction  (X^) ,  which  is  a 
thermodynamic  property,  is  presented  in  Reference  12.  This  relationship  is 
reproduced  in  Figure  E-1. 

vnien  combustor  exhaust  gases  are  diluted  by  turbine  cooling  air  as  in 
the  FlOl,  by  fan  stream  air,  both  SN  and  Xe  are  reduced.  Smoke  emission 
index  (Els)g  carbon/kg  fuel,  however,  remains  constant.  Elg  is  calculated 
by  the  relationship: 


■  (*01)  (^^-)  (lO'O 

where: 

1  ■  engine  station  where  sample  is  taken 

f  ■  fuel-air  weight  ratio  (g  fuel/kg  air) 

Therefore,  engine  smoke  level,  which  would  be  measured  at  engine  Plane  8, 
can  be  calculated  from  combustor  rig  measurements,  taken  at  simulated  engine 
Plane  A,  by  the  following  procedure: 

1.  Measure  (SM4)  and  (f^)  at  simulated  engine  test  condition 

2.  SN4  X{.4  (from  Figure  E-1) 


/  1000  +  f  \ 

/  -3  \ 

3.  Elg  - 

(Xc.) 

) 

(10  ) 

A.  Cycle  data  •*  fg  at  simulated  engine  test  condition 


6.  >►  SNg  (from  Figure  E-l) 
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For  the  FlOl  engine,  fg/^A  **  0.130  at  Idle  and  0.246  at  cruise,  takeoff  and 
dash  operating  conditions,  so  SNg  Is  significantly  less  than  SN4. 

SN4  and  f4,  an  measured  In  the  rig  tests  are  tabulated  in  Table  A-1. 
SNg,  calculated  from  the  measured  SN4  and  f4  by  the  above  procedure,  is 
tabulated  In  Table  A-2.  Corrections  to  true  engine  density  were  then  made 
by  the  correlation  scheme  illustrated  in  Figure  42,  and  these  data  are 
tabulated  In  Table  A-6. 


NOMENCUTURE 


Symbol 

A 

CO 


CWALF 

El 


FBP 

H 

HC 

IBP 

JFTOT 


SMD 

SN 


T 


V 

W 


X 

b 

[ 

h 

k 


m 


Area 

I 

Carbon  Monoxide 
Carbon  Dioxide 

Clockwise  Aft  Looking  Forward 
Pollutant  Emission  Index 
Final  Bolling  Point 
Fuel  Hydrogen  ConCeni: 

Hydrocarbon 

Initial  Bolling  Point 

Jet  Fuel  Thermal  Oxidation  Tester 

Total  Oxides  of  Nitrogen  (■  NO  +  NO.) 

mt, 

Heat  of  Combustion 

Combustor  Operating  Severity  Parameter 
Sauter  Mean  Diameter 
Smoke  Number  (by  ARP1256) 

Temperature 

Vulocity 

MasH  Flow  Rate 

Exhaust  Gas  Pollutant  Concentration 

Curve  Fit  Equation  Intercept 

Fuel-Air  Ratio 

Absolute  Humidity 

Arbitrary  Constant 

Curve  Fit  Equation  Slope 


Unite 
cm  •  nm 


2 


g  pollutant/kg  fuel 
K 

weight  percent 

K 

m 

MJ/kg 


K 

m/s 

g/s,  kg/s 

mg  pollutant /kg  air 

g  fuel/kg  air 
g  H20/kg  air 
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NOMENCLATURE  (Continued) 


Symbol 

n 

r 

X 

y 

A  P 
A  T 
n 

V 

p 

0 

(O 


Hydrogen-to-Carbon  Atom  Ratio 

Curve  Fit  Correlation  Coefficient 

Independent  Variable 

Dependent  Variable 

Preaeure  Drop 

Temperature  Rise 

Cotdsuation  Efficiency 

Viacoalty 

Density 

Surface  Tension 

Fuel-Air  Ratio  Function  in  S_ 
(Equation  8)  * 


Subacrlpts 

3  Compressor  Exit  Station  (Combustor  Inlet) 

4  Combustor  Exit  Station 

8  Engine  Exit  Station 

c  Combustor 

e  Effuctive 

f  Fuel 

m  Metered 

r  Reference 

St  Stoichiometric 

L  Liner  (metal) 

tfH  Gas  Sample 


tc  'niomiocouplo 


Uj.  Mta 


MPa 

K 

Percent 

2 

ojn  /s 
kg/tn^ 
mN/m 
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NOMENCLATURE  (Concluded) 


Subscripts 


B 

avg 

max 

Imm . max 


Sample 

Average 

Maximum 

Imn^orslon  Maximum 
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